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General introduction

I1. Muscle-brain crosstalk

The brain is constantly receiving and sending messages from and towards the body. The 
primary route of communication is through the central and peripheral nervous systems. 
For example, the brain can order the muscle to contract (e.g., via descending signals 
from brain areas involved in motor control) and the muscle can send the brain feedback 
about how much it is contracted and how it is positioned (e.g., via ascending signal from 
muscle spindles) [1]. Nervous system messages are carried along the length of neurons 
as electrical waves and from one neuron to the next as a chemical signal to reach their 
destination in a matter of milliseconds [1][2]. The junctions between two neurons are 
called synapses and the chemical signals that are being transmitted between synapses 
are called neurotransmitters [1]. For a chemical response to create a new electrical signal 
in the next neuron, the release of neurotransmitters needs to be sufficiently large or the 
neuron receiving this chemical signal needs to be sufficiently responsive. Interestingly, the 
central nervous system has the ability to adapt and learn by altering its responsiveness 
to a specific signal (i.e. by long-term synaptic potentiation) and by adding new and 
removing old neuronal connections (i.e. by synaptogenesis, which is the formation of 
new synapses on an existing neuron, or by neurogenesis, which is the formation of new 
neurons). These alterations in neuronal connections and their responsiveness are called 
neuroplasticity (see Figure 1) [3].

Another route of communication between body and brain is via the blood 
circulation. Only specific blood factors can enter and/or leave the brain, either because 
they are sufficiently small to diffuse through the blood-brain barrier or because they 
make use of transporters or receptor-mediated endocytosis [4]. These blood factors can 
originate from any bodily organ, including muscle cells, liver tissue, the gastrointestinal 
tract, fat tissue, bone cells and peripheral nervous tissue [5]. Within the brain, these 
blood factors can bind to receptors that are expressed by cells in the central nervous 
system and activate specific signaling pathways, causing brain cells to respond or 
change their behavior [6]. This way, these blood factors can either promote or hinder an 
optimal neural environment for neuroplastic processes, thereby enhancing or reducing 
the brain’s adaptability [5].

Of particular interest for this dissertation, is the blood-bound communication from 
the muscle towards the brain, as this is considered to play a role in the beneficial effect 
of physical exercise on brain health and cognitive function [7]. The muscle-derived factors, 
released during and following physical exercise, are called myokines [8][9]. A research 
article published in 2019 suggested that these myokines can facilitate neuroplasticity 
within the brain [9]. With this ‘myokine hypothesis’, a whole new research field emerged 
with the goal to better understand the relationship between physical exercise and 
cognitive function. Recently, it was discovered that other bodily systems also release 
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blood factors in response to physical exercise, which signal other systems, including the 
brain. As a result, it is now more accurate to refer to this as the ‘exerkine hypothesis’. 
Exerkines are all peptides, metabolites, and nucleic acids released in to the bloodstream 
during and following physical exercise, including myokines (muscle tissue), hepatokines 
(liver tissue), adipokines (fat tissue), osteokines (bone tissue) and neurokines (nervous 
tissue) [5].

Figure 1. Forms of neuroplasticity at different levels of the nervous system and a depiction of 
the signals influencing neuroplasticity. Neurogenesis results in the formation of new neurons. 
Synaptogenesis results the formation of new synapses between two neurons. Long-term synaptic 
potentiation (LTP) results in an increase of excitatory neurotransmitters and their receptors in 
a synapse. All of these processes increase the chance that a message will reach its intended 
destination.

2. Relevance of the topic

The search for a better understanding of the mechanism behind the beneficial effects of 
physical exercise on cognitive function has gained increased attention recently, driven 
by the growing number of older adults living with age-related cognitive impairments 
[10]. This is a consequence of the worldwide increase in life expectancy, which is 
prognosed to cause a tripling of the population’s proportion of people aged above 
80 between 2020 and 2050. By 2030, one in six people worldwide will be over 60 years 
old [11]. While overall life expectancy is increasing, evidence suggests that healthy 
life expectancy has remained relatively constant. This implies that people live longer 
with chronic conditions, placing high demands on our health care systems [12]. Hence, 
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Ithere is an urgent need to shift our focus from extending life to extending healthy 
life expectancies and towards prevention. A study comparing causes of chronic care-
demanding diseases revealed that cognitive deficits and dementias were the fastest 
increasing cause of disability for older adults between 2000 and 2016, increasing faster 
than one would expect based only on population aging [10]. This discrepancy is most 
probably due to the increased amount of people living with risk factors of cognitive 
decline, partly attributed to unhealthy life choices [13]. For example, sedentary behavior, 
diabetes mellitus and obesity are well known modifiable risk factors of dementia [14]. 
Among adults, the global prevalence of sedentary behavior has increased about 5% 
between 2005 and 2017 [15], type 2 diabetes mellitus increased with 50% between 1990 
and 2015 [16] and the worldwide prevalence of obesity has tripled between 1975 and 
2014 [17]. Physical activity has the potential to reduce these numbers and prevent or 
delay cognitive decline [14][18]. Interestingly, lifelong physical activity has also been 
associated to increased total brain volume [19] and N-acetylaspartate to creatine (NAA/
Cr) levels in the frontal cortex [20]. NAA is a neurometabolite suggested to reflect 
increased neural density [21]. In addition to lifelong physical activity levels, even 
short-term physical exercise interventions lasting a few months have been shown to 
decrease or prevent age-related hippocampal volume loss in older adults [22] and 
preliminary evidence suggest that 12 weeks of endurance [23] exercise training may 
help preserve healthy neurometabolic levels. Overall, total brain volume, especially 
regional volumes of the frontal and hippocampal cortex [24], and NAA levels [25][26] 
decrease with advancing age, and both are suggested to partly explain age-related 
cognitive decline [25][27]. In addition to intracerebral changes, (cognitive) aging was 
found to be associated with chronic low-grade inflammatory state, called ‘inflammaging’ 
[28], and a decrease in circulating neurotrophic factors [29]. Neurotrophic signaling 
is critical to neuroplasticity and the rise in inflammatory markers impairs normal 
neurotrophic signaling [30]. This age-related change in circulating inflammatory and 
neurotrophic factors was reported to correlate with age-related changes in brain 
volume, neurometabolites and cognitive function [31][32][33]. Again, physical exercise 
interventions were shown to reverse this age-related process, causing the release of 
exerkines with anti-inflammatory [34] and neurotrophic effects [35][36][37]. Using this 
knowledge, a theoretical framework was developed as depicted in Figure 2. However, 
the scientific literature lacks a comprehensive understanding of this framework. With 
this dissertation, the interrelationships within this framework were explored, addressing 
some of the remaining knowledge gaps concerning the beneficial effect of physical 
exercise on cognitive function in older adults.
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Figure 2. Theoretical frameworks of the aging and exercise-related changes resulting in cognitive 
decline and cognitive improvement, respectively, illustrating their similarities. Interrelationships 
within this framework need further investigation by future research.

3. Populations studied

During this dissertation, the effects of physical exercise and the role of exerkines were 
explored in two populations, older adults and individuals with spinal cord injury (SCI). 
Researchers have mainly focused on studying individuals who are at risk of cognitive 
impairment and neurodegenerative diseases, especially adults aged above 60 years old 
[38][39]. However, many questions remain unanswered. For instance, it is still unclear 
whether the effect of resistance exercise on cognitive function is influenced by the 
cognitive status of the older adults. Therefore, the effects of resistance exercise were 
compared in older adults with different cognitive statuses, categorized as either low or 
high risk of mild cognitive impairment, based on a general cognitive screening using 
the Montreal Cognitive Assessment (MoCA). Based on a meta-analysis on cardiovascular 
exercise interventions, it was hypothesized that larger effect sizes would be found for 
participants with high risk of mild cognitive impairment [40].

A population recently identified as being at risk for accelerated cognitive aging is 
individuals with SCI [41]. Literature indicates that individuals with SCI, excluding those with 
associated traumatic brain injury, exhibit significant impairments across several cognitive 
domains even at a young age [42] and face an elevated risk of developing Alzheimer’s 
dementia, which is twice that of the general population [43][44]. An important question 
is whether increasing physical activity earlier in life can reduce the dementia risk in this 
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Ipopulation. Research in able-bodied individuals has demonstrated that midlife physical 
activity can reduce or delay cognitive decline and lower the risk of dementia in later life 
[45]. However, no previous research has specifically evaluated the potential benefits of 
physical exercise for individuals with SCI [41]. Research in this population is challenging 
due to the significant heterogeneity in clinical presentations and the difficulty to recruit 
large, homogeneous samples.

4. Applied interventions

The intervention studies included in this dissertation have applied acute (i.e. a single 
bout) or chronic resistance exercise in older adults or acute neuromuscular electrical 
stimulation (NMES) in individuals with SCI. The acute resistance exercise intervention 
was of very high intensity (90-100% of 1 repetition maximum, 1RM). This intensity is 
usually applied to improve muscle strength. The chronic resistance exercise intervention 
progressed from moderate (70-75% 1RM) to high (80-85% 1RM) intensity over the course of 
12 weeks. These intensities are generally used for improving muscle size and strength. Both 
the acute and chronic exercise interventions included lower limb resistance exercises 
(including squats, leg press, leg extensions, leg curls and calf raises). Of note, most of the 
existing evidence about the effect of physical exercise on cognitive function is currently 
derived from studies with cardiovascular exercise interventions (such as running, cycling 
or other types of endurance training) [46], while also resistance exercise was found to 
enhance cognitive and brain outcomes [47][48]. Interestingly, on the one hand, some 
studies suggest that resistance exercise effects on brain health and cognition may to 
a larger extent be associated with the release of myokines compared to cardiovascular 
exercise effects. On the other hand, the effect of cardiovascular exercise on brain health 
and cognition may to a larger extent be attributed to benefits in cardiovascular health 
or energy metabolism compared to the effect of resistance exercise [49]. Moreover, 
two network meta-analyses provided evidence that the effect of resistance exercise on 
cognitive function is superior to other exercise modalities in older adults and older adults 
with mild cognitive impairment or dementia [46][50]. Furthermore, it was argued that 
higher intensity exercise would induce a larger release of myokines [51][52][53][54] and 
could therefore induce larger effects on brain and cognitive outcomes. For this reason, 
we designed one study to evaluate the acute effects of high-intensity resistance exercise 
in order to enhance our mechanistic understanding of responses to this type of training. 
From a mechanistic perspective, some researchers suggest that the benefits of acute 
exercise effects may accumulate over time, leading to chronic effects [55]. At present, 
the literature lacks sufficient evidence from human studies to support this hypothesis. 
Yet, some evidence to support the link between acute and chronic exercise effects can 
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be derived from animal research. Animal studies suggest that acute exercise gives rise 
to (short-lasting) functional changes at the brain mediated by exerkines which signify 
a temporary enhancement in the responsiveness of neuroplastic processes. In contrast, 
chronic exposure to physical exercise is suggested to induce structural changes within 
the central nervous system, which are the result of longer-lasting changes in neuroplastic 
responsiveness [5][56]. However, even if future evidence in humans supports the idea 
that acute effects of physical exercise (mediated by exerkines) can lead to longer-lasting 
changes with repeated exposure, it is important to recognize that other mechanisms have 
also been proposed to produce chronic effects of physical exercise (for an overview of 
existing hypothesis, see the discussion section of this dissertation).

For the acute NMES session, a control condition was compared with low-intensity 
(40mA) or high intensity (100mA) electrical stimulation on the gluteal and hamstring 
muscles of individuals with SCI. There were multiple reasons for choosing NMES in 
this population. First, individuals with spinal cord injury have often difficulty to engage 
sufficiently in physical exercise [57]. This can be due to several barriers such as a lack 
of access or transportation options to exercise facilities, lack of background knowledge 
or professional guidance about exercising with a spinal cord injury, physical exercise-
induced symptoms or complaints or limited voluntary muscle activity or range of 
motion [58]. NMES is a valid muscle training method that can be used at home, even on 
paretic muscles. Second, neuromuscular electrical stimulation was previously shown to 
induce a large release of myokines [59]. One study found higher levels of brain-derived 
neurotrophic factor (BDNF) in a NMES group compared to voluntary exercise with the same 
integrated force of muscle activation in young adults. They argued that the higher levels 
of lactate in the NMES group contributed to an increased release of BDNF [59], based on 
findings from previous studies [60]. Notably, the effect of NMES on cognitive function has 
never been tested [61].

5. Aim of this dissertation

The primary objective of this thesis was to gain a better understanding of the mechanism 
underlying the beneficial effect of resistance exercise on cognitive function in older 
adults, by exploring the role of exerkines on (exercise-induced changes in) neuroplasticity.

It was hypothesized that
• Levels of circulating markers of chronic inflammation would be positively associated 

with metabolic markers of neuroinflammation and neurodegeneration and brain 
volume loss.
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I• Obesity and sarcopenia would be associated with elevated markers of (neuro)
inflammation and neurodegeneration, a decrease in brain volume, and cognitive 
impairment.

• Acute and chronic resistance exercise training would increase the level of circulating 
neurotrophic factors compared to control.

• chronic resistance exercise would decrease the level of circulating inflammatory 
factors compared to control.

• Acute and chronic exercise would enhance synaptic plasticity compared to control.
• Chronic resistance exercise would delay, prevent or even reverse age-related loss 

of hippocampus volume compared to control.
• Chronic resistance exercise would delay, prevent or even reverse age-related 

changes in neurometabolites in the hippocampus compared to control.
• Acute and chronic resistance exercise training would (transiently) enhance cognitive 

performance compared to control.
• Acute and chronic effects of resistance exercise on brain functional, metabolic 

or structural changes would be associated with the exercise-induced increase in 
neurotrophic factors and decrease in chronic inflammation.

• The abovementioned changes induced by chronic resistance exercise would be more 
pronounced in older adults with high risk of mild cognitive impairment compared 
to older adults with low risk of mild cognitive impairment.

Secondarily, this work was extended to individuals with spinal cord injury (SCI), who are 
at increased risk of age-related cognitive decline.

It was hypothesized that
• acute NMES would increase the level of circulating lactate and neurotrophic factors 

compared to a control condition.
• acute NMES would transiently increase cognitive performance on an information 

processing speed task compared to a control condition.
• the abovementioned changes induced by acute NMES would be more pronounced 

after high intensity NMES compared to low intensity NMES.
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OUTLINE OF THIS DISSERTATION

This section describes the different parts included in this dissertation, as well as the 
aims for each of the individual studies. The study results per chapter are described in 
the summary section of this dissertation.

Part I of this dissertation discusses in detail the exerkines that are suggested to mediate 
neuroplastic and cognitive changes of acute and chronic exercise. In this part, the existing 
literature was compiled with the following aims:

In chapter 1, a narrative review of the existing literature is presented, aiming to 
describe what is known about the release of exerkines in response to acute or chronic 
exercise, what is known about their response to cardiovascular or resistance exercise, and 
what is known about the influence of different exercise protocol characteristics, such as 
exercise intensity, frequency, duration of a session, and duration of the program, or the 
influence of study participant characteristics, such as age, gender, medical comorbidities, 
and participants’ fitness level. Furthermore, for each of the exerkines included in this 
narrative review, the molecular pathways that are known to affect neuroplasticity via the 
process of long-term synaptic potentiation were provided. This narrative review served as 
a foundation for this thesis by describing promising blood biomarkers, target populations 
and exercise protocols for investigating the effect of resistance exercise on cognitive 
function.

Chapter 2 contains a protocol paper for a comprehensive living systematic review 
and meta-analysis in which it is planned to investigate which myokines can be considered 
mediators of the exercise-induced effects on cognitive function in older adults. The main 
aim of this protocol paper was to inform the research field about ongoing research plans. 
Within this paper it is described why it is hypothesized that myokines mediate at least 
part of the effects of exercise on cognitive in older adults. The paper contains a list of 
1126 putative myokines, as well as a narrative description of myokines that are commonly 
considered to impact cognitive function.

Part II of this dissertation describes the relationship between participant characteristics, 
blood and brain biomarkers and cognitive function in older adults. In this part, findings 
from cross-sectional analyses were reported with the following aims:

In chapter 3 a cross-sectional study is presented, aimed to investigate if 
inflammatory blood biomarkers can be used as surrogates for brain inflammation and 
neurodegeneration by investigating their mutual relationship in a cohort of older adults. 
Additionally, two post-processing techniques that are commonly used to analyze these 
brain neurochemical markers were compared in order to evaluate if the choice of post-
processing technique influences the conclusions that can be drawn.
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Chapter 4 is a cross-sectional study aimed to test our hypotheses that markers 
of obesity and sarcopenia are associated with increased levels of blood and brain 
inflammation, lower brain volume and declined cognitive performance. In this study the 
relationship between participant characteristics, blood and brain biomarker levels and 
brain volume were evaluated within a cohort of older adults.

Part III of this dissertation reports the effects of resistance exercise training on brain and 
cognitive outcomes in older adults with or without mild cognitive impairment. In this part, 
findings from interventional studies were reported with the following aims:

Chapter 5 is a quasi-randomized controlled interventional study aimed to test if a 
single bout of very high intense resistance exercise could induce transient increases in 
cognitive performance and postural dual task control in older adults.

Chapter 6 is a randomized controlled trial aimed to test if 12 weeks of resistance 
exercise increases hippocampus volume and improves neurometabolic status of the 
hippocampus in older adults compared to a waiting list control group. Additionally, it was 
explored if these changes were related to changes in blood biomarker levels. Finally, it 
was examined if the benefit of resistance exercise was larger in older adults with high risk 
of mild cognitive impairment compared to older adults with a low risk of mild cognitive 
impairment.

Chapter 7 is a randomized controlled trial aimed to test if 12 weeks of resistance 
exercise enhances cognitive function in older adults compared to a waiting list control 
group. Additionally, it was explored if these changes were related to changes in blood 
biomarker levels. Finally, it was examined if the benefit of resistance exercise was larger 
in older adults with high risk of mild cognitive impairment compared to older adults with 
a low risk of mild cognitive impairment.

Chapter 8 is a case series aimed to report pre-to-post COVID-19 neurometabolic and 
volumetric changes in the hippocampus compared to non-infected controls. Additionally, 
this it was explored within the group of participants infected with COVID-19 whether 
neurometabolic and volumetric changes in the hippocampus differed between study 
participants that were allocated to resistance exercise compared to the waiting list control 
group.

Part IV of this dissertation concentrates on individuals with spinal cord injury. The 
following aims were evaluated:

Chapter 9 is an empty systematic and narrative review of the existing literature aimed 
to prove lack of knowledge on the effect of physical exercise and myokines on cognitive 
function in individuals with spinal cord injury. Additionally, the review paper aimed to 
describe the mechanism of accelerated cognitive aging in individuals with spinal cord 
injury and formulate future directions.
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Chapter 10 is a randomized cross-over study aimed to test if a single session of 
neuromuscular electrical stimulation can induce changes in circulating levels of insulin-
like growth factor-1 (IGF-1) and performance on an information processing speed task in 
individuals with spinal cord injury.

Chapter 11 is a protocol paper aimed to describe the methods of a single-case 
experimental design study for individuals with spinal cord injury. In this ongoing study 
it will be tested if 12 weeks of neuromuscular electrical stimulation can induce an 
elevation in brain-derived neurotrophic factor (BDNF) and boost cognitive performance 
in individuals with spinal cord injury.

Part V of this dissertation concludes with a general discussion and summary of the new 
insights that can be derived from this dissertation.

Chapter 12 includes a summary of the dissertation in three languages.
Chapter 13 contains a general discussion on the topic of the dissertation.
Chapter 14 reflects on the impact of the dissertation.
In the appendix, you can find information about the author and a list of publications.





PART I
Mechanisms of exercise-induced 
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Abstract

Physical exercise may improve cognitive function by modulating molecular and cellular 
mechanisms within the brain. We propose that the facilitation of long-term synaptic 
potentiation (LTP)-related pathways, by products induced by physical exercise (i.e., 
exerkines), is a crucial aspect of the exercise-effect on the brain. This review summarizes 
synaptic pathways that are activated by exerkines and may potentiate LTP. For a total of 
16 exerkines, we indicated how blood and brain exerkine levels are altered depending 
on the type of physical exercise (i.e., cardiovascular or resistance exercise) and how they 
respond to a single bout (i.e., acute exercise) or multiple bouts of physical exercise (i.e., 
chronic exercise). This information may be used for designing individualized physical 
exercise programs. Finally, this review may serve to direct future research towards 
fundamental gaps in our current knowledge regarding the biophysical interactions 
between muscle activity and the brain at both cellular and system levels.
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Abbreviations

AEP; auditory evoked potentials; AMPA, amino-3-hydroxy-5-methyl-4-isoxazole propionic 
acid receptor; BDNF, brain-derived neurotrophic factor; CamKII, Ca2+-calmodulin-dependent 
kinase II; cAMP, cyclic adenosine monophosphate; CREB, cAMP-response element binding 
protein; DAG, diacylglycerol; EEG, electroencephalography; EPSP, excitatory postsynaptic 
potential; ER, endoplasmic reticulum; ERK, extracellular signal regulated kinase; Erra, 
estrogen-related receptor-α; FNDC5, fibronectin type III domain-containing protein 5; fMRI, 
functional magnetic resonance imaging; fNIRS, functional near-infrared spectroscopy; GABA, 
γ-aminobutyric acid; GH, growth hormone; IGF-1, insulin-like growth factor-1; IPSP, inhibitory 
postsynaptic potentials; IP3, inositol 1,4,5 triphospate; LTD, long-term synaptic depression; 
LTP, long-term synaptic potentiation; mRNA, messenger-ribonucleic acid; NMDA, N-methyl-D-
aspartate receptor; PGC1α, peroxisome proliferator-activated receptor-γ coactivator 1α; PI3K, 
phosphoinositide 3-kinase; PKA, protein kinase A; PKC, protein kinase C; PLCγ, phospholipase 
C-γ; 1H-MRS, proton magnetic resonance spectroscopy; SIRT-1, silent information regulator 
1; TMS, transcranial magnetic stimulation; TrkB, tropomyosin-receptor kinase-B receptor; 
VEP, visually-evoked potentials; VIP, vasoactive intestinal peptide.
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Chapter 1

1. Introduction

The beneficial effect of physical exercise on cognition first appeared in literature in the 
1930s (Burpee and Stroll, 1936; Beise and Peaseley, 1937). A search in PubMed with the 
terms “exercise” AND “cognition” shows how this topic has exploded in the last decades, 
reaching over one hundred publications a year in 1998 and over 3000 publications 
a year in 2020. However, the underlying mechanisms of physical exercise-induced 
cognitive improvements are still not fully understood, indicating the complexity of the 
neurophysiological processes that mediate the beneficial effects of physical exercise 
on the brain (Gomez-Pinilla and Hillman 2013; El-Sayes et al., 2019; Kim et al., 2019). Of 
critical importance in this respect is neuroplasticity (Martin et al., 2000; Autio et al., 2020). 
Neuroplasticity refers to the brain’s ability to undergo functional and structural changes in 
response to external or internal stimuli from the environment or organs in the body (Voss 
et al., 2017). Currently, there is a vast amount of research showing that neuroplasticity 
could well be induced by acute (i.e., a single bout) or chronic (i.e., a program of multiple 
bouts) exposure to physical exercise (Knaepen et al., 2010; Svensson et al., 2015; Vilela et 
al., 2017; Müller et al., 2020).

At the level of the brain, acute exercise studies in humans have discovered transient 
changes in neurotransmitter levels like glutamate and γ-aminobutyric acid (GABA) 
immediately following physical exercise, as measured with proton magnetic resonance 
spectroscopy (1H-MRS) (Maddock et al., 2016). Both glutamate and GABA are important 
neurotransmitters in the mammalian brain and are known to be primary mediators of 
long-term synaptic potentiation (LTP) and long-term synaptic depression (LTD) through 
glutamatergic (see Box 1) and GABAergic pathways. LTP and LTD are neuroplastic processes, 
which respectively cause strengthening or weakening of excitatory synaptic connections 
within the brain (Lisman, 2001). Both induce changes in the synapse involving a rapid, 
short-lasting alteration of the function of existing synaptic proteins by processes such 
as phosphorylation (i.e., early LTP or LTD) and a slower, longer-lasting change in the 
availability of synaptic proteins by targeting cell DNA and inducing transcription of new 
proteins (i.e., late LTP or LTD) (Loprinzi, 2019).

‘LTP-like’ processes (i.e., the increased efficacy of synaptic neurotransmission through 
neural networks) are found in many brain regions, playing a critical role in several domains 
of cognitive function (Martin et al., 2000). For example, disruption of LTP-like processes 
in the hippocampal, prefrontal, visual, auditory, and motor cortex were respectively 
suggested to result in an impairment of episodic memory function (Chen et al., 2000; 
Barnes, 2003), working memory and executive function (Dallérac et al., 2011), visual (Yeap 
et al., 2008), auditory (O’Donnell et al., 2004), and motor processing (Frantseva et al., 2008). 
These disruptions can be found with aging (Barnes, 2003), Alzheimer’s disease (Chen et 
al., 2000), major depression (Normann et al., 2007), and other psychiatric (Frantseva et 
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al., 2008; Yeap et al., 2008) and neurological disorders (Rison and Stanton, 1995; Bliss 
and Cooke, 2011; Dallérac et al., 2011; Conte et al., 2012). While the direct measurement 
of LTP requires invasive in vivo or in vitro electrophysiological tests, LTP-like processes 
can also be assessed with non-invasive techniques. For example, LTP-like processes in 
the human motor cortex can be assessed with transcranial magnetic stimulation (TMS) 
(Frantseva et al., 2008). Furthermore, electroencephalography (EEG) (Kirk et al., 2010) can 
show LTP-like processes in the visual cortex by measuring visually-evoked potentials 
(VEP) (Yeap et al., 2008), or in the auditory cortex by using auditory evoked potentials 
(AEP) (O’Donnell et al., 2004).

Physical exercise can induce either short- or long-lasting neuroplastic changes in 
the brain. Early LTP is considered a candidate mechanism for the brain’s short-lasting 
functional changes that occur during and/or immediately following acute exercise 
(Crabbe and Dishman, 2004; Yanagisawa et al., 2010; Singh et al., 2014b; van Dongen et al., 
2016). These functional brain changes can be detected with TMS (Singh et al., 2014b), EEG 
(Crabbe and Dishman, 2004), functional near-infrared spectroscopy (fNIRS) (Yanagisawa 
et al., 2010), or functional magnetic resonance imaging (fMRI) (van Dongen et al., 2016). In 
addition, late LTP processes are likely activated during and/or shortly after the exposure 
to acute exercise, but measurable structural changes have only been observed following 
chronic exercise (Colcombe et al., 2006; Erickson et al., 2011; Gonzales et al., 2013; Haeger 
et al., 2019; Herold et al., 2019).

Importantly, the pathways activated in the process of late LTP also increase 
the transcription of growth and survival stimulating factors, such as brain-derived 
neurotrophic factor (BDNF). The transcription of BDNF was shown both after acute 
exercise and chronic exercise (Venezia et al., 2017). The resulting increased availability 
of BDNF may, in turn, upregulate pathways of neurogenesis, increasing the number of 
neurons in the dentate gyrus of the hippocampus (Cho et al., 2013). These newly formed 
neurons were described to activate LTP processes more easily (Snyder et al., 2001; Van 
Praag et al., 2002). Without effortful learning, and thus the activation of LTP, these new 
neurons do not survive more than three weeks (Shors et al., 2012). This might indicate 
that newly formed neurons are dependent on the survival-promoting factors which are 
being released during LTP for further maturation and to be hooked up into functional 
networks (Shors et al., 2012; Denoth-Lippuner and Jessberger, 2021). A successful process 
of neurogenesis might explain the biochemical and structural brain changes reported 
in chronic exercise studies such as increases in N-acetyl aspartate, a neurometabolic 
marker of neuronal integrity (Gonzales et al., 2013) measured with 1H-MRS, and increases 
in gray matter volume and white matter microstructural organization (Colcombe et al., 
2006) measured with magnetic resonance imaging (MRI). These are interesting findings, 
as higher levels of N-acetyl aspartate and larger brain volume has been associated with 
better cognitive functioning in older adults (Fjell and Walhovd, 2010; Cleeland et al., 2019).
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In sum, a vast amount of research suggests that both acute and chronic exercise have 
beneficial effects on the biological mechanisms that mediate neuroplasticity, possibly 
through a physical exercise-induced enhanced response to LTP induction, which in turn 
induces functional and structural changes to the brain, improving cognitive function.
(Erickson et al., 2011; Broadhouse et al., 2020) Yet, how muscle activity eventually results 
in the facilitation of LTP is still a topic of debate. An increasingly popular explanation 
for the mechanism of cognitive enhancement following physical exercise is the exerkine 
hypothesis. Exerkines are all of the peptides, metabolites, and nucleic acids released into 
the bloodstream during and following physical exercise. Depending on the organ they are 
being released from, they are called myokines, adipokines, or hepatokines, respectively 
referring to physical exercise-induced factors released from muscle, adipose tissue, or the 
liver (Pedersen, 2019). Some of these exerkines may cross the blood-brain barrier (Kastin 
and Akerstrom, 1999; Carro et al., 2000; Dogrukol-Ak et al., 2003; Higuchi et al., 2007; Oury 
et al., 2013; Agudelo et al., 2014; Ribeiro et al., 2014; Takimoto and Hamada, 2014; Yau et 
al., 2014; Li et al., 2015; Moon et al., 2016; Serra-Millàs, 2016; Wrann, 2016). It is plausible 
to assume that exerkines which crossed the blood-brain barrier can facilitate signaling 
pathways that regulate the induction of LTP.

In this narrative review, we elucidate the possible role that the physical exercise-
induced enhancement of the LTP process by the release of exerkines may play in 
improving brain functions, while showing how it fits the currently popular view that 
exerkines are involved in multiple signaling pathways that mediate neuroplasticity. As a 
general objective, we aim to generate a framework that structures all relevant information 
about exerkines that are possibly involved in the regulation of early and late stages 
of LTP in the human brain. We decided to review existing literature on growth factors, 
myokines, cytokines, metabolites, hormones, and neuropeptides, including only those 
that are known to be released or generated during physical exercise and appear to have 
direct or indirect application for the enhancement of early and/or late LTP (Fig. 1 and 2). 
We purposefully did not review all exerkines that may cross the blood-brain barrier, as for 
some of them, empirical evidence suggesting the cellular pathway for the facilitation of 
LTP is not available, unclear, or conflicting. For every exerkine addressed, we will describe 
their origin, discuss if the effect is to be expected after acute or chronic exercise and 
differentiate between cardiovascular or resistance exercise (Table 1). In section two, the 
process of LTP will be explained in short, focused on the pathways important for discussion 
in the remainder of the paper. In section three, 16 exerkines of interest will be addressed 
one by one. We start with growth factors (i.e., brain-derived neurotrophic factor (BDNF), 
insulin-like growth factor-1 (IGF-1), and growth hormone (GH)), followed by pro- and anti-
inflammatory biomarkers (i.e., cytokines and kynurenine), of whom some are myokines. 
Then, we discuss other myokines (i.e., irisin, cathepsin-B, apelin, and adiponectin) and 
metabolites (i.e., lactate and β-hydroxybutyrate (BHB)). At last, we describe the remaining 
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exerkines that could not be placed in any of the other groups (i.e., osteocalcin, orexin-A, 
ghrelin, and vasoactive intestinal peptide (VIP)). In sections four and five, we summarize 
the most interesting conclusions to be drawn from this comprehensive review paper and 
propose how this information can be used for future research.

2. Long-term synaptic potentiation

BOX 1. The long-term synaptic potentiation process (LTP)

LTP is mediated primarily through glutamatergic pathways. In glutamatergic synapses, a 
signal in the form of an action potential is transmitted from one neuron to the next by 
the release of glutamate from the presynaptic neuron and the subsequent activation 
of glutamatergic amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors 
in the postsynaptic neuron. Postsynaptic AMPA receptor activation causes influx of Na+, 
depolarizing the postsynaptic membrane, which is measured as an excitatory postsynaptic 
potential (EPSP) with patch clamp techniques. If many EPSPs from multiple excitatory 
synapses accumulate, depolarization reaches the threshold for the generation of a new 
action potential and the neural signal is transmitted. LTP is an activity-dependent process 
that makes the synapse become more responsive to subsequent stimuli, increasing the 
chance an action potential will be generated in the postsynaptic neuron. The activity-
dependence lies in the fact that repeated excitatory stimulation causes the synaptic 
connections to become more and more strengthened (Lisman, 2001; Vaynman et al., 2003; 
Marsden et al., 2010). LTP is likely dependent on the activation of Ca2+-sensing signaling 
pathways, which is (at least in part) mediated by activation of pre- and postsynaptic 
N-methyl-D-aspartate (NMDA) receptors. These Ca2+ permeable receptors require 
membrane depolarization and activation by glutamate to open (Fig. 1). In the presynaptic 
neuron, depolarization of the presynaptic membrane by an action potential first activates 
voltage-gated Ca2+ channels. This facilitates Ca2+-dependent exocytosis of glutamate-
containing synaptic vesicles. Consequently, Ca2+ influx further increases by the opening of 
NMDA receptors, which results in the activation of pathways involved in LTP, see section 
2. These pathways are mainly thought to involve the increased release of glutamate upon 
activation by a subsequent action potential. This may result from an increased number 
of glutamate-containing vesicles available in the reserve pool, an increased number 
of vesicles being transported from the reserve pool towards the releasable pool, and 
an increased number of vesicles being released upon Ca2+ influx (Loprinzi, 2019). At the 
postsynaptic excitatory neuron, glutamatergic AMPA receptor activation causes influx of 
Na+, depolarizing the postsynaptic membrane. Consequently, NMDA receptors become 
activated, allowing Ca2+ to flow into the cell. Postsynaptic Ca2+-sensing pathways result 
in the activation of kinases, which through phosphorylation induce an increased activity 
and number of glutamatergic AMPA receptors. This way, the EPSP level in response to a 
subsequent release of presynaptic glutamate will be enhanced (Lisman, 2001).
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BOX 1. Continued

Of note, another form of neural plasticity that is mediated through glutamatergic pathways 
is long-term synaptic depression (LTD). Similar to LTP, LTD is also activated by Ca2+ influx 
inside the cell. In contrast to LTP, phosphatases and not kinases have the overhand during 
LTD processes at the excitatory glutamatergic synapse. This results in a weakening of 
glutamatergic synaptic connections, by for example, internalization of AMPA receptors 
and a decrease in the number of glutamates containing vesicles (Collingridge et al., 2010). 
LTD has a low intracellular Ca2+ threshold, and is typically induced by a prolonged modest 
increase in Ca2+. In contrast, the induction of LTP requires a brief, but higher amplitude of 
intracellular Ca2+ increase (Yang et al., 1999). An in between zone is also expected to exist, 
where the amplitude and/or duration of the Ca2+ influx is not sufficient for the induction 
of neither LTP nor LTD (Lisman, 2001). Several pathways may cause that LTD and not LTP 
would be induced by a Ca2+ increase, as is described in more detail by Collingridge et al. 
(2010). One influential pathway on LTP/LTD we would like to mention is through inhibitory 
inputs from GABAergic synapses. GABA receptors are Cl- channels, which hyperpolarize 
the postsynaptic membrane upon opening, called inhibitory postsynaptic potentials 
(IPSP). This may cause membrane depolarization by Na+ not to reach the threshold for 
opening of NMDA receptors at the glutamatergic synapse upon AMPA activation and Ca2+ 

levels to remain low (Marsden et al., 2010; Mele et al., 2016). Studies have shown that high 
GABAergic input causes LTD to be induced more readily. This way, a certain concentration 
of intracellular Ca2+ may induce LTD, when in the absence of GABAergic input it would 
induce LTP or neither LTP nor LTP (Steele and Mauk, 1999). A detailed discussion on the LTD 
process and the interplay between LTP and LTD is outside the scope of this review paper, 
but is described in more detail by others, e.g. (Steele and Mauk, 1999; Yang et al., 1999; 
Lisman, 2001; Collingridge et al., 2010; Marsden et al., 2010; Mele et al., 2016).

For the sake of clarity, we briefly report the most important intracellular pre- and postsynaptic 
pathways involved in LTP (Fig. 1). At the presynaptic neuron, activation of N-methyl-D-aspartate 
(NMDA)-type ionotropic glutamate receptors induces Ca2+-triggered autophosphorylation 
of Ca2+-calmodulin-dependent kinase II (CamKII). In turn, CamKII activates synapsin I by 
phosphorylation and mediates the transcription of synapsin I via phosphorylation of the 
transcription factor cyclic adenosine monophosphate (cAMP)-response element binding 
protein (CREB) (Vaynman et al., 2003; Murray and Holmes, 2011). Synapsin I controls the 
fraction of synaptic vesicles available for release. After activation of synapsin I, synaptic 
vesicles from the reserve pool are transferred to the releasable pool. Moreover, elevated 
synapsin I levels at the presynaptic terminal are thought to increase the rate of synaptic 
vesicle recycling and formation. This is important to prevent synaptic fatigue due to vesicular 
rundown on subsequent stimulation (Vaynman et al., 2003; Gerth et al., 2017). In addition, 
calcium-sensitive adenylyl cyclases activate cAMP-dependent protein kinase A (PKA). PKA is 
also capable of phosphorylating synapsin I (Chenouard et al., 2020). For a more elaborate 
overview of presynaptic mechanisms, we refer to the review of Yang and Calakos (2013).
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Figure 1. Visual representation of the early and late LTP pathways in the pre- and post-synaptic 
excitatory neuron
Abbreviations: Ca2+, calcium; AMPA, amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor; 
BDNF, brain-derived neurotrophic factor; CamKII, Ca2+-calmodulin-dependent kinase II; CREB, cAMP-
response element binding protein; DAG, diacylglycerol; ERK, extracellular signal regulated kinase; IGF-1, 
insulin-like growth factor-1; IP3, inositol 1,4,5 triphospate; LTP, long-term synaptic potentiation; mRNA, 
messenger-ribonucleic acid; NMDA, N-methyl-D-aspartate; PI3K, phosphoinositide 3-kinase; PKA, protein 
kinase A; PKC, protein kinase C; PLC, phospholipase C; TrkB, tropomyosin-receptor kinase-B receptor.
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At the postsynaptic neuron, NMDA-dependent Ca2+ influx also activates CamKII. Here, 
CamKII phosphorylates amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) 
receptors, making them more easily activated. Also, CamKII enhances surface AMPA receptor 
levels by inducing exocytosis of internalized receptors in the membrane surface (Lu et al., 
2001) and de novo synthesis of AMPA receptors via activation of the transcription factor CREB 
(Middei et al., 2013). Next, PKA stimulates CamKII activity by inhibiting protein phosphatase-1, 
it potentiates AMPA receptors by phosphorylation (Roche et al., 1996), and also activates CREB 
(Winder and Sweatt, 2001).

In addition to NMDA-receptors, several exerkines, such as BDNF and IGF-1, have been 
found to activate pre- and postsynaptic intracellular pathways with similar effects (Fig. 1). 
These exerkine-induced pathways can transiently potentiate the response of presynaptic 
synapsin I or postsynaptic AMPA receptor activity during the activation of a subsequent LTP 
process by phosphorylation (i.e., early LTP) or by inducing transcription of synapsin I and 
AMPA receptors by activating the transcription factor CREB (i.e., late LTP) (Vaynman et al., 2003; 
Prescott et al., 2006; Kim et al., 2010; Murray and Holmes, 2011; Molina et al., 2012; Ribeiro et 
al., 2014; Wang et al., 2019). Furthermore, some exerkines were reported to indirectly increase 
the effect of the following LTP induction. For example, by potentiating NMDA receptors, or by 
inducing transcription or enhancing activity of proteins critical for LTP, like NMDA receptors, 
downstream products like CamKII and CREB, or BDNF, IGF-1 and their receptors (Fig. 2) (Carro 
et al., 2001; Vaynman et al., 2003; Ding et al., 2006; Yang et al., 2009; Kim et al., 2010; Molina 
et al., 2012; Yang et al., 2014; Wang et al., 2019). Other exerkines may play a regulatory role 
by modulating synaptic transmission (e.g., kynurenine) (Rózsa et al., 2008; Potter et al., 2010; 
Demeter et al., 2013; Vécsei et al., 2013) or transcription of other exerkines (e.g., lactate and 
osteocalcin) (Wrann et al., 2013; Khrimian et al., 2017; Nicolini et al., 2020). These findings 
underscore how physical exercise may facilitate pathways involved in the LTP process by 
increasing the circulating levels of these exerkines. We will discuss these exerkine-induced 
pathways in more detail below.
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◀ Figure 2. Schematic overview of the exerkine-mediated pathways associated with early and late 
LTP in the pre- and postsynaptic excitatory neuron.
* Pre- and postsynaptic pathways are not considered separately. In addition, for some of the 
exerkines, the intermediate steps are currently not completely understood. We refer to the 
accompanying text for more details.
Abbreviations: [Ca2+]i, intracellular calcium concentration; AC, adenylyl cyclase; AMPA, amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid receptor; BDNF, brain-derived neurotrophic factor; 
BHB, β-hydroxybutyrate; CamKII, Ca2+-calmodulin-dependent kinase II; cAMP, cyclic adenosine 
monophosphate; CREB, cAMP-response element binding protein; DAG, diacylglycerol; ER, endoplasmic 
reticulum; ERK, extracellular signal regulated kinase; Erra, oestrogen-related receptor-α; FNDC5, 
fibronectin type III domain-containing protein 5; GH, growth hormone; IGF-1, insulin-like growth 
factor-1; IP3, inositol 1,4,5 triphospate; LTP, long-term synaptic potentiation; mRNA, messenger-
ribonucleic acid; NMDAR, N-methyl-D-aspartate receptor; PGC1α, peroxisome proliferator-activated 
receptor-γ coactivator 1α; PI3K, phosphoinositide 3-kinase; PKA, protein kinase A; PKC, protein kinase 
C; PLC, phospholipase C; SIRT-1, silent information regulator 1; TrkB, tropomyosin-receptor kinase-B 
receptor; VIP, vasoactive intestinal peptide.

3.  Exerkines with the potential to 
 alter LTP-related pathways

In this section, we will describe the role of 16 different exerkines on LTP. These include 
growth factors, myokines, cytokines, metabolites, hormones, and neuropeptides that are 
released during physical exercise and have the potential to alter LTP-related pathways. 
When evidence on the exerkine-mediated facilitation or impairment of LTP-related 
pathways was not available, unclear or conflicting, the exerkine was not included in 
this paper, even if the concerned exerkine was known to cross the blood-brain barrier. 
We will report how the included exerkines are upregulated by physical exercise and 
the organ of their origin. Furthermore, we will highlight the possible synaptic pathways 
that they may activate (Fig. 2). Finally, we will discuss if the effect is to be expected 
after acute or chronic exercise and differentiate between cardiovascular or resistance 
exercise (Table 1). Findings from both animal and human studies are included. A detailed 
description of study characteristics including mean age of the subjects, gender of the 
subjects, healthy/unhealthy study population, fitness level of the subjects, physical 
exercise duration, physical exercise intensity, and the direction of the (subgroup specific) 
significant/insignificant changes of the levels of a certain exerkine following acute/
chronic cardiovascular/resistance exercise of all physical exercise studies described in 
this section is provided in Supplementary Table S1 (for blood exerkine levels) and S2 
(for brain exerkine levels). Table 1 can be considered a short summary of Supplementary 
Table S1 and S2.
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Table 1. Overview of exerkines that influence LTP

Peripheral versus central measurements: BLOOD BRAIN

Acute versus chronic exercise: Acute Chronic Acute Chronic

Cardiovascular (C) versus resistance (R) exercise: C R C R C R C R

Growth factors BDNF

IGF-1

GH

↗d,f,g

↔

↗a

↗d,f,g

↗

↗a

↗

↔a

↗

↗a

↔a,g

X

↗

↗*

NA

NA

X

NA

↗

↗

↗

↗

↗

NA

Pro-inflammatory markers IL-1β, TNFα, IL-6

Kynurenine

↗

↗a

↗

↗

↔o

X

↘

↘c

↗

NA

NA

NA

↔o

NA

↘

NA

Anti-inflammatory markers IL-4, IL-10 ↗ ↗ ↗ ↗ ↗ NA ↗ ↗

Myokines± Irisin

Cathepsin-B

Apelin

Adiponectin

↗e

X*

↗

↔

↗

X*

↗

X

↔*,a

↗*

↔a,c,w

↗w

↔a,d,i,w

↗

↔c,w

↗i,w

NA

NA

NA

NA

NA

NA

NA

NA

↗

↗*

NA

NA

NA

X*

NA

NA

Metabolites Lactate

β-hydroxybutyrate

↗ i

↗

↗ i

↗*

NA

↗

NA

↗*,w

↗ i

↗h

NA

NA

↗*

↗

NA

NA

Other exerkines± Osteocalcin

Orexin-A

Ghrelin

VIP

↗a,g

↗

↔i

↗

X

NA

↘

NA

↗

↗*

↗w

↗

↗

NA

↗

NA

NA

↗

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

NA

The direction of significant changes in exerkine levels were reported as follows: ‘↗’, at least one study 
found a significant increase and no studies were found that reported significant decreases; ‘↘’ at least 
one study found a significant decrease and no studies were found that reported significant increases; 
‘↔’ inconsistent, with studies indicating both significant increases and decreases. ‘X’, no significant 
effect reported by any of the studies found; ‘NA’, no studies available. ‘*’, was used to mark studies were 
the arrow’s direction was only based on data from 1 study.
It is indicated whether studies have measured these alterations in biomarker levels in peripheral 
circulation (BLOOD) or behind the blood-brain barrier (BRAIN), after Acute or Chronic exercise, and 
cardiovascular (C) or resistance (R) exercise. ± All of these factors are considered exerkines. We 
categorized the exerkines based on how they are most commonly referred to. It should be noted that 
BDNF, IGF-1, IL-6, etc. can also be considered myokines, as they are to some extent also released from 
muscle tissue.
Caution is needed when interpreting this table, as findings may be population- or exercise-specific. 
We refer to the accompanying text and Supplementary table 1 and 2 for more details. In addition, 
letter codes were used to highlight the most important particularities: Significant different results have 
been reported with ‘a’, older age (↗ BDNF, IGF-1, kynurenine, irisin, apelin; ↘ GH; X total osteocalcin) or 
younger age (↘ IGF-1); ‘c’, conditions such as cancer (↘ kynurenine) or insulin resistance (↘ apelin); 
‘d’, longer exercise duration in minutes (↗ BDNF) or weeks (<12 weeks ↗ irisin, > 16 weeks ↘ irisin); ‘f’, 
higher cardiorespiratory fitness level (↗ BDNF); ‘g’, female gender (↗ IGF-1) male gender (↗ BDNF, total 
osteocalcin); ‘h’, exercise-induced hypoglycemia (↗ β-hydroxybutyrate); ‘i’, higher exercise intensity 
(↗ irisin, adiponectin, lactate) or lower intensity (↘ irisin, ↗ ghrelin); ‘o’, excessive chronic exercise 
or overtraining (↗ pro-inflammatory factors); ‘w’, exercise-associated weight loss (↗ irisin, ghrelin, 
adiponectin; ↘ apelin).
Abbreviations: BDNF, brain-derived neurotrophic factor; IGF-1, insulin-like growth factor-1; IL, interleukin; 
GH, growth hormone; TNFα, tumor necrosis factor alpha; VIP, vasoactive intestinal peptide.
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3.1 Growth factors
3.1.1 Brain-derived neurotrophic factor (BDNF)
BDNF is recognized as a growth factor with a wide repertoire of neurotrophic and 
neuroprotective properties in the CNS and the periphery (Knaepen et al., 2010). It can 
be produced by neurons (Lessmann et al., 2003), astrocytes (Numakawa et al., 2010), and 
endothelial cells (Wang et al., 2006) within the brain. During physical exercise, an increase 
in circulating BDNF levels may result from the release of BDNF from skeletal muscle 
cells or platelets (Antony and Li, 2020; Le Blanc et al., 2020; Farmer et al., 2021). Skeletal 
muscle cells may synthesize (Matthews et al., 2009) and release BDNF into the circulation 
(Máderová et al., 2019) in response to physical exercise. Platelets were found to contain 
99% of circulating BDNF (Radka et al., 1996). The number of circulating BDNF-containing 
platelets is increased during physical exercise when the activation of the sympathetic 
system causes splenic constriction (Ahmadizad and El-Sayed, 2003; Stewart et al., 2003). 
At last, increased shear stress due to acceleration of blood flow during physical exercise 
causes the release of platelet-derived BDNF (Fujimura et al., 2002). The increased shear 
stress was also reported in the cerebral vasculature during physical exercise (Jorgensen 
et al., 1992). However, Pardridge et al. (1994) found that peripherally administered BDNF 
was rapidly cleared from the systemic circulation and was not able to be delivered to 
the brain. As was reviewed by Serra-Millàs (2016), the relationship between peripheral 
and central levels of BDNF remains a topic of discussion. While some studies suggest 
peripherally administered BDNF may cross the blood-brain barrier or have beneficial 
effects on central nervous system functioning, several other studies reported blood-brain 
barrier permeability for BDNF to be poor or absent (Serra-Millàs, 2016). It is possible that 
the central increases in BDNF availability following physical exercise, as were found in 
animal studies (see below), merely result from the stimulation of central BDNF synthesis. 
Other exerkines may be important mediators of this effect. This will be substantiated by 
pathways of the other exerkines discussed in sections 3.1.2 till 3.5.4, some of whom were 
found to induce the hippocampal release of BDNF during physical exercise.

Pathway
Evidence from studies including animal models suggests that the physical exercise-
induced increase of BDNF levels in the brain enhances the response to LTP induction 
by electrophysiological stimulation (Novkovic et al., 2015; Miao et al., 2021). For example, 
in wild type and heterozygote BDNF+/- mice, 5 weeks of voluntary physical exercise 
was found to elevate BDNF levels compared with sedentary controls and enhance LTP 
activity, measured with in vitro electrophysiological recordings. In the BDNF+/- mice, LTP 
was initially impaired, but physical exercise restored it to the level of sedentary wild type 
mice (Novkovic et al., 2015). Another study reported a dose-dependent enhancement 
of synaptic responses to electrophysiological stimuli after BDNF administration on 
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slices of the anterior cingulate cortex of male mice in vitro (Miao et al., 2021). BDNF 
acts via tropomyosin-receptor kinase-B (TrkB) receptors in the postsynaptic density 
of the excitatory synapse (Fig. 1, 2). TrkB receptors mediate many signaling cascades 
involved both in early and late LTP (Müller et al., 2020). Specifically, BDNF binding 
to the TrkB receptor causes dimerization and autophosphorylation of the receptor. 
Consequently, docking sites for Src homology 2 domain-containing adapter protein (Shc) 
and phospholipase C-γ (PLCγ) emerge. Shc is coupled with Ras and phosphoinositide 
3-kinase (PI3K) signaling cascades. Ras activates extracellular signal regulated kinase 
(ERK), a member of the mitogen-activated protein kinases (MAPK) that may, in turn, 
activate several other pathways by phosphorylating its target (Murray and Holmes, 
2011). For example, on rat hippocampal slices, inhibition of ERK was found to prevent the 
phosphorylation of CamKII, which is crucial in the LTP process (Giovannini et al., 2001). 
ERK also activates CREB (Finkbeiner et al., 1997) and following a physical exercise-induced 
rise in BDNF, CREB was seen to induce its own gene expression, thereby increasing the 
number of CREB molecules (Vaynman et al., 2003). Moreover, CREB was found to induce 
the upregulation of BDNF in response to Ca2+ influx in the postsynaptic cell (Shieh and 
Ghosh, 1999), CamKII during the process of LTP (Giovannini et al., 2001), NMDA receptor 
transcription following administration of BDNF (Caldeira et al., 2007) and TrkB receptors 
following physical exercise in response to increased BDNF levels (Vaynman et al., 2003). 
Ras also promotes the activation of PI3K. In turn, PI3K activates Akt, which counteracts 
pro-apoptotic proteins, stimulating survival (Murray and Holmes, 2011). Both Ras and 
PI3K signaling cascades were found to lead to the phosphorylation of NMDA receptors 
following administration of BDNF on cultured mouse hippocampi, increasing NMDA 
receptor open probability (Xu et al., 2006). Furthermore, PI3K was involved in increasing 
surface AMPA receptor expression during LTP in cultured hippocampal neurons (Man 
et al., 2003). Results from Vaynman et al. (2003) suggested that the interplay between 
the TrkB and NMDA receptor signaling cascades is crucial for the CREB-mediated 
transcription of BDNF, TrkB, CREB and synapsin I mRNA, as blocking of any of these two 
receptors fully abrogated the physical exercise-induced increases in these transcripts 
(Vaynman et al., 2003). Next to the Shc induced pathways, PLCγ will promote another 
pathway starting with the catalyzation of lipids to inositol 1,4,5 triphospate (IP3). IP3 
binds to receptors on the endoplasmic reticulum, triggering calcium release (Yamamoto 
et al., 2000). This calcium release enhances LTP through activation of the CamKII and 
PKA mediated pathways similarly as upon activation of NMDA-receptors. Furthermore, 
IP3 activity is required to keep AMPA receptors clustered at the postsynaptic membrane, 
as shown on hippocampal slices (Arendt et al., 2010). PLCγ also induces an increase 
in diacylglycerol (DAG), which regulates protein kinase C (PKC). In turn, PKC might be 
required for the ERK cascade (Murray and Holmes, 2011) and was found to potentiate 
AMPA receptors by phosphorylation in cultured neurons during LTP (Roche et al., 1996).
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BDNF also binds TrkB receptors at the presynaptic neuron of the excitatory synapse 
(Fig. 1, 2). Here, in vitro examination found that ERK signaling activates synapsin I by 
phosphorylation, targeting synaptic vesicles from the reserve pool toward the releasable 
pool (Jovanovic et al., 1996). Moreover, BDNF-mediated activation of the PLC/IP3 pathway 
will increase presynaptic intracellular Ca2+-levels. This increases CamKII signaling and 
results in CREB-mediated transcription of synapsin I. Synapsin I levels were found to 
increase following cardiovascular exercise, which was abrogated after blocking CamKII 
(Vaynman et al., 2003; Murray and Holmes, 2011).

Acute exercise effect
Both acute cardiovascular and resistance exercise were found to transiently increase 
circulating BDNF in a meta-analysis that included 47 studies on cardiovascular exercise 
and eight studies on resistance exercise (Dinoff et al., 2017). Dinoff et al. (2017) reported 
that physical exercise with a duration of more than 30 minutes induced higher elevations 
of circulating BDNF than shorter physical exercise bouts. They also found that plasma 
BDNF measurements increased more in response to physical exercise compared to serum 
measurements and that studies including more males had greater effect sizes than those 
where the majority of participants were females. With approximately three-quarters of all 
participants in the included acute exercise studies being males, subgroup analysis revealed 
that only in males significant increases in circulating BDNF were found (Dinoff et al., 2017). 
This might be due to that women already have higher basal serum BDNF levels than men 
(Glud et al., 2019). It was reported that estrogen levels influence circulating BDNF levels and 
BDNF signaling pathways (Harte-Hargrove et al., 2013; Dong et al., 2017). Furthermore, Dinoff 
et al. (2017) found no significant difference in effect sizes associated with age, with most 
acute exercise studies including young adults. At last, higher cardiorespiratory fitness was 
associated with greater increases in circulating BDNF (Dinoff et al., 2017).

In the brain, studies in male rats showed that acute voluntary wheel running induced 
elevated levels of hippocampal BDNF (Oliff et al., 1998; Takimoto and Hamada, 2014).

Chronic exercise effect
While Knaepen et al. (2010) concluded in their review that chronic exercise is rather unlikely 
to elevate basal BDNF concentration in healthy adults, more recent meta-analyses did find 
small effects in favor of a peripheral BDNF rise of baseline levels in response to regular 
cardiovascular exercise (Szuhany et al., 2015; Dinoff et al., 2016). Moreover, in a systematic 
review including older adults with cognitive decline, serum levels of BDNF significantly rose 
after chronic cardiovascular training (de Assis and de Almondes, 2017). However, this was not 
confirmed in a more recent meta-analysis including older adults with or without cognitive 
decline (Marinus et al., 2019). The latter meta-analysis, including eight resistance training and 
four combined cardiovascular and resistance training studies, stated that in order to increase 
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baseline BDNF levels, resistance training is an essential component of the physical exercise 
program in older adults (Marinus et al., 2019). In contrast, the meta-analysis of Dinoff et al. 
(2016), including healthy adults of all ages, did not find an effect of chronic resistance training 
on resting circulating BDNF levels. Therefore, this effect is probably age-specific (Table 1), 
although future studies are needed to confirm the inference we make here. Moreover, Dinoff 
et al. (2016) did not report effect differences dependent on physical exercise intervention 
characteristics such as duration, frequency, or intensity. In addition, there was no difference 
between BDNF rises measured in serum or plasma. Finally, age, gender, and body mass index 
were not related to the effect found after chronic exercise (Dinoff et al., 2016).

Brain levels of BDNF, TrkB and CREB in male rat hippocampus did also increase after 
chronic cardiovascular (Vaynman et al., 2003; Berchtold et al., 2005; Cassilhas et al., 2012) 
and resistance training (Tang et al., 2017; Vilela et al., 2017). It was shown that 3 weeks of 
running resulted in elevated hippocampal BDNF levels until 2 weeks after cessation of 
physical exercise (Berchtold et al., 2010). In the study of Tang et al. (2017), the resistance 
trained male diabetic rats showed a higher upregulation of TrkB and CREB genes than 
cardiovascular trained diabetic rats.

3.1.2 Insulin-like growth factor-1 (IGF-1)
IGF-1 plays a role in enhancing insulin action (Moses et al., 1996), and decreased levels 
of IGF-1 are associated with age-related sarcopenia (Mak and Rotwein, 2006; Bian et al., 
2020). It is secreted both centrally and peripherally and may cross the blood-brain barrier 
(Carro et al., 2000). The central release has been shown in regions of the brain involved in 
postnatal neurogenesis, e.g. hippocampus, cerebellum, and olfactory bulb (Wrigley et al., 
2017). IGF-1 release in the brain was inconsistently indicated as being regulated by growth 
hormone (GH) (Furigo et al., 2018) or being GH-independent (Lupu et al., 2001). Peripherally, 
GH is considered to mediate the main release of IGF1- from the liver (Schwander et al., 
1983). During physical exercise, circulating IGF-1 levels were found to increase rapidly in 
some studies, which indicates it is most likely released from IGF-1 stores and not mediated 
by GH-induced transcription (Berg and Bang, 2004). It was suggested that muscle cells 
contain such IGF-1 stores that are released upon muscle contraction (Pedersen, 2019). 
Furthermore, IGF-1 mRNA expression was found to be upregulated in contracting muscles 
independently of GH (Berg and Bang, 2004). However, the increase in circulating IGF-1 
levels is only inconsistently reported. A possible explanation was given by Carro et al. 
(2000) who indicated that after acute cardiovascular exercise brain IGF-1 levels increased, 
while circulating levels did not. They suggested that physical exercise might increase the 
uptake of IGF-1 in the brain (and other target organs) in association with its release from 
muscle and liver into the blood stream, keeping circulating IGF-1 levels relatively stable. 
Depending on the strength of this increased uptake, researchers might find increased, 
unchanged, or decreased circulating IGF-1 levels after physical exercise (Carro et al., 2000).
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Pathway
In vitro examinations by Zheng and Quirion (2004) and Ding et al. (2006) using hippocampal 
cultured neurons showed that the IGF-1 receptor shares downstream signaling cascades 
with the TrkB receptor in pre- and postsynaptic excitatory neurons (Fig. 1, 2). Hence, 
similarly to BDNF, IGF-1 is thought to activate PI3K/Akt, IP3/CamKII, and Ras/ERK pathways. 
Zheng and Quirion (2004) indicated IGF-1 causes rapid and sustained activation of Akt 
signaling, while it mediated only transient ERK signaling. The inverse was observed for 
BDNF, i.e. a transient activation of Akt signaling and a sustained activation of ERK signaling. 
Furthermore, systemic injection of IGF-1 or physical exercise-induced elevations of IGF-1 
was found to increase transcription of hippocampal BDNF (Carro et al., 2001; Ding et al., 
2006) and IGF-1 (Ding et al., 2006) and intracerebroventricular administration of IGF-1 
reversed the age-related decline in the number of NMDA receptors (Sonntag et al., 2000). 
Blocking the IGF-1 receptor partly disrupted the physical exercise-induced increase of 
hippocampal BDNF levels and decreased memory recall performance (Ding et al., 2006). To 
our knowledge, no studies have directly assessed the effect of physical exercise-induced 
IGF-1 on the increased response to induction of LTP.

Acute exercise effect
Several reviews and meta-analyses confirmed that acute resistance exercise may increase 
circulating IGF-1 (Berg and Bang, 2004; de Alcantara Borba et al., 2020; Gulick et al., 2020), 
while the findings concerning acute cardiovascular exercise are equivocal (de Alcantara 
Borba et al., 2020; Gulick et al., 2020).

In the brain, there was evidence to suggest that acute cardiovascular exercise 
increases IGF-1 levels (Carro et al., 2000). This was not confirmed in a more recent study 
(Takimoto and Hamada, 2014). To the best of our knowledge, there are only two studies 
that examined the effect of acute resistance exercise on brain IGF-1 levels and signaling. 
One studied male rats (Fernandes et al., 2016) while the other used female rats (Kelty et 
al., 2019). Both failed to find an effect. Fernandes et al. (2016) indicated that this may have 
been caused by the time of sample collection, which was 24 hours after exercise, while 
circulating IGF-1 levels after acute exercise typically return back to baseline after 15 to 
30 minutes post-exercise (Rubin et al., 2005; West et al., 2009; Rojas Vega et al., 2010; Tsai 
et al., 2015). Also in the study of Kelty et al. (2019), rats were killed and brain tissue was 
collected only 24 hours after the resistance exercise session.

Chronic exercise effect
In a systematic review by Stein and colleagues (2018), circulating levels of IGF-1 were not 
found to be elevated after chronic cardiovascular exercise in older adults. Only one out of five 
studies found increased IGF-1 levels after cardiovascular exercise, while one even reported a 
decrease. This review included only two resistance training studies (Stein et al., 2018). Both of 



53

Exerkines and LTP: a narrative review

1

them showed increased IGF-1 levels (Cassilhas et al., 2007; Tsai et al., 2015; Stein et al., 2018). 
More recent meta-analyses confirmed that IGF-1 may increase following resistance training, 
but only in women more than 40 years old, while at younger age IGF-1 levels might even 
decrease following resistance training (Jiang et al., 2020; Ye et al., 2020; Amiri et al., 2021).

Finally, evidence from animal models suggests that physical exercise training had no 
differential effect on the levels of IGF-1 in the brain as a function of gender. Specifically, it 
was found that hippocampal IGF-1 levels increased both in male and female rats following 
chronic cardiovascular training (Ding et al., 2006; Gomes et al., 2009; Wong-Goodrich et al., 
2010; Cassilhas et al., 2012) and resistance (Cassilhas et al., 2012; Kelty et al., 2019) exercise.

3.1.3 Growth hormone (GH)
GH is produced by the pituitary gland in response to GH-releasing hormone or 
somatostatin release from the hypothalamus. Most of the GH release occurs during sleep 
(Sonntag et al., 2005), but it is also released from the pituitary gland during physical 
exercise (Galbo, 1993). GH is thought to play a role in the post-exercise repair of tissues 
and synthesis of new tissues by stimulating protein anabolism. Furthermore, it helps to 
prepare the individual for future physical exercise bouts by enhancing the synthesis of 
gluconeogenic and lipolytic enzymes (Galbo, 1993). Decreased GH levels are related to 
age-related sarcopenia in human subjects (Bian et al., 2020). While studies before the 
year 2000 hypothesized that all of the cognitive effects of GH were mediated through its 
induction of IGF-1-synthesis, since then, some studies have indicated direct effects of GH 
on cognition (Sonntag et al., 2005).

Pathway
In the hippocampus, GH was found to induce dimerization of its receptor upon binding, 
which in turn activates Janus kinase 2 (JAK2). Activated JAK2 induces signaling cascades 
including PI3K/Akt and Ras/ERK. Via ERK, GH can also induce CREB activation. These 
pathways are very similar to the IGF-1 pathways and are shared with some of the BDNF 
pathways. GH receptor activates these pathways via JAK-mediated phosphorylation 
of non-receptor tyrosine kinases. In contrast, IGF-1 and BDNF receptors are receptor 
tyrosine kinases that can phosphorylate signaling molecules by themselves (Lobie et 
al., 2000). It was shown that a period of daily GH injections facilitated LTP, restored age-
related and sleep deprivation-induced alterations in NMDA receptor-dependent synaptic 
transmission, and enhanced AMPA receptor activity, as shown on CA1 hippocampal slices 
(Kim et al., 2010; Molina et al., 2012). At last, GH can stimulate neural IGF-1 signaling by 
inducing its transcription (Furigo et al., 2018). We found no studies that examined the 
direct link between physical exercise-related increases in GH and the physical exercise-
induced facilitation of LTP. Hence, this relationship can only be inferred from models that 
investigated the effect of GH administration (Kim et al., 2010; Molina et al., 2012).
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Acute exercise effect
Both acute cardiovascular and resistance exercise were found to induce increases 
in GH levels in a systematic review (Wideman et al., 2002). It was indicated that this 
effect occurred both in men and women with similar levels being attained during 
physical exercise, but the increase from baseline was higher in men, with women 
having higher baseline GH levels. Older adults of both sexes showed an attenuated GH 
response to acute exercise. Furthermore, higher intensity of cardiovascular or higher 
volume of resistance exercise was suggested to induce larger GH increases (Wideman 
et al., 2002). Furthermore, resistance exercise induced higher acute responses than 
cardiovascular exercise (Consitt et al., 2007).

Chronic exercise effect
A systematic review reported that some studies found increased baseline GH levels 
after chronic cardiovascular exercise, but not following chronic resistance training 
(Wideman et al., 2002). The authors indicated that resistance exercise only induces 
an acute elevation of GH. However, resistance training studies that examine baseline 
24h GH measurements (as is advised) remain scarce (Wideman et al., 2002). In the 
brain, Blackmore and colleagues provided suggestive findings for the induction of 
GH signaling and activation of neural precursor cells in the subventricular zone after 
chronic cardiovascular exercise. They showed that in the absence of GH signaling, by 
administration of GH antagonist or in GH receptor null female mice, cardiovascular 
exercise training no longer resulted in the activation of neural precursor cells 
(Blackmore et al., 2009, 2012).

3.2 Pro- and anti-inflammatory markers
3.2.1 Cytokines
Cytokines play a key role in immune responses. Cytokines such as interleukin-1β (IL-1β), 
IL-2, IL-8, IL-12, IL-15, IL-18, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ) are 
considered to be markers of pro-inflammatory action. On the contrary, the cytokines IL-4 
and IL-10 have anti-inflammatory effects (Dai et al., 2013; Svensson et al., 2015; Agudelo 
et al., 2018). IL-6 activates both pro-inflammatory and anti-inflammatory processes. It 
is suggested to have a controlling function in inflammation (Smith and Miles, 2000). 
Some of these cytokines (e.g. IL-1β, IL-6, and TNF-α) are known to be released by muscle 
fibers into the bloodstream and, as such, are expected to play a role in the regulation of 
physical exercise-induced pro-and anti-inflammatory processes. Peripheral and central 
inflammatory levels are linked via blood-borne and neural routes of communication. 
As a result, peripheral inflammation may activate microglial cells in the brain. These 
innate immune cells react to inflammatory signals by de novo synthesis of inflammatory 
cytokines, further increasing inflammation within the brain (Barrientos et al., 2015). 
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Chronic elevation of (neuro-)inflammatory markers has previously been linked to obesity, 
metabolic syndrome, aging, cognitive decline, and many neurodegenerative disorders like 
Alzheimer’s dementia (Kruse et al., 1993; Cotman et al., 2007; Yudkin, 2007; Sartori et al., 
2012; Woods et al., 2012; Su et al., 2019).

Adipose tissue, especially visceral fat, is considered one of the largest contributors 
to systemic inflammation (Yudkin, 2007; Woods et al., 2012). Furthermore, inflammatory 
markers are secreted by senescent cells. These are old, damaged cells that, as a protective 
mechanism, have become locked into cell-cycle arrest to prevent the spread of damage 
and potential malignant transformation. In association, they exhibit altered secretory 
activity (Coppé et al., 2010; Hernandez-Segura et al., 2017). The number of these cells 
gradually increases as we get older (Dimri et al., 1995). The age-related development 
of a chronic inflammatory status is also found in the brain (Sartori et al., 2012). Indeed, 
magnetic resonance spectroscopy studies have shown age-related increases in neuro-
inflammatory markers in the brain (i.e., myoinositol and choline) (Glanville et al., 1989; 
Urenjak et al., 1993). Furthermore, stereological findings have indicated increased numbers 
of glial cells in the frontal and temporal cortex with age (Terry et al., 1987). These glial 
cells change into their pro-inflammatory phenotype in older adults (Perry et al., 2007; 
Cohen and Torres, 2019). It was suggested that these changes underlie, at least in part, 
the process of age-related cognitive decline (Bourgognon and Cavanagh, 2020).

Pathway
The effect of IL-1β, IL-6 and TNF-α, which are the most studied cytokines, on LTP and 
learning were recently reviewed by Bourgognon and Cavanagh (2020). They describe that 
the effect is dependent of the intensity and duration of the inflammatory activity. Low 
brain cytokine levels may exert beneficial effects, while high or long-lasting elevations 
are detrimental to the LTP process. The latter is typically reported in older adults and 
neurodegenerative diseases (Bourgognon and Cavanagh, 2020; Ross et al., 2003). At the 
cellular level, a non-exhaustive summation of the pathways these cytokines interfere 
in (probably both in a beneficial or detrimental way depending on their concentration) 
are: the BDNF and IGF-1 signaling pathways, MAPK pathways both involved in synaptic 
plasticities such as the postsynaptic ERK pathway and those involved in cell damage or 
cell death such as c-jun N-terminal kinase (JNK) and p38 pathway, and the presynaptic 
ERK-mediated phosphorylation of synapsin I that induces glutamate release (Bourgognon 
and Cavanagh, 2020). As an example, excessively high-intense chronic cardiovascular 
exercise was found to suppress LTP during in vivo recordings in the hippocampal CA1 
area in rats, in association with the increased expression of inflammatory factors IL-1β 
and TNF-α and induced activation of microglial cells. In addition, the physical exercise 
paradigm increased levels of phosphorylated JNK, ERK and p38 (Sun et al., 2017). Other 
studies on mice reported that the detrimental effect of elevated IL-1β on LTP could be 
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abrogated by the administration of the anti-inflammatory cytokine IL-10 (Lynch et al., 2004; 
Lenz et al., 2020). While this study did not examine the effect of physical exercise, other 
studies have reported the circulating level of IL-10 to increase following cardiovascular 
exercise, e.g., Gomes da Silva et al. (2013).

Acute exercise effect
Acute bouts of cardiovascular and resistance exercise were associated with increased 
circulating levels of both pro- and anti-inflammatory cytokines (Flynn et al., 2007; Koch, 
2010; Johnson et al., 2020). The balance between the pro- and anti-inflammatory response 
to physical exercise is dependent on several factors, including the individual’s health 
status, intensity or duration of physical exercise, and glucose availability (Flynn et al., 
2007). In addition, pro-inflammatory cytokines may increase less following acute exercise 
in physical exercise-trained individuals, as was reported after six weeks of cardiovascular 
training (Fonseca et al., 2021). Overall, the regulation of peripheral inflammation by 
physical exercise is a complex process and will not be addressed in detail in this review 
paper. For further reading, we refer to other review articles (Cotman et al., 2007; Woods 
et al., 2012; Su et al., 2019; Scheffer and Latini, 2020).

At brain levels, both pro- and anti-inflammatory cytokines also increased in response 
to acute cardiovascular exercise ( Packer et al., 2010; Lovatel et al., 2013; Packer and 
Hoffman-Goetz, 2015; Nogueira et al., 2020). However, the link between physical exercise-
induced peripheral and central inflammation is not clear. For example, in a study 
where IL-6 levels in human plasma and cerebrospinal fluid were measured after acute 
cardiovascular exercise at 60% of VO2 max, there was an increase in plasma IL-6 without 
accompanying cerebrospinal fluid IL-6 increase (Steensberg et al., 2006). A more recent 
study, using a panel with 92 cytokines and chemokines to measure inflammatory markers 
in cerebrospinal fluid and plasma reported a modest increase in inflammatory markers 
in cerebrospinal fluid after acute vigorous intensity exercise (Isung et al., 2021). However, 
after correction for multiple comparisons, only three cerebrospinal fluid and 12 plasma 
proteins were significantly changed. In line with Steensberg et al. (2006), changes in 
cerebrospinal fluid IL-6 levels were nonsignificant (Isung et al., 2021). Steensberg et al. 
(2006) suggested that IL-6 may not reach the brain via the cerebrospinal fluid, but through 
alternative routes such as via the hypothalamus, which does not have a blood-brain 
barrier, via afferent nerves, or from local release by endothelial cells or the pituitary 
gland (Steensberg et al., 2006).

Chronic exercise effect
Chronic cardiovascular and resistance exercises were found to reduce blood and brain 
pro-inflammatory cytokines and elicit anti-inflammatory effects in an impressive array 
of human and animal research (Flynn et al., 2007; Gibbons et al., 2014; Kim, 2014; Chupel 
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et al., 2017; Liu et al., 2020; Roh et al., 2020). In humans, findings from resistance exercise 
studies suggested that lower levels of pre-exercise circulating pro-inflammatory factors 
were associated with better gains in muscle strength (Forti et al., 2014; Hangelbroek et al., 
2018; Grosicki et al., 2020). In contrast to the anti-inflammatory effect of chronic exercise, 
the cytokine hypothesis of overtraining by Smith states that an inadequate recovery 
between physical exercise bouts would lead to chronic inflammation, associated with 
fatigue and depression indicative of overtraining (Smith, 2000). Only a limited amount 
of human studies investigated the effect of overtraining on pro-inflammatory markers, 
probably due to ethical considerations (Izquierdo et al., 2009; Main et al., 2009; Main et 
al., 2010; Halson et al., 2003). Most studies measured inflammatory markers immediately 
after cardiovascular exercise, which needs to be considered an acute exercise effect 
in excessively trained human subjects. These studies report increased elevations of 
pro-inflammatory cytokines following a bout of resistance or cardiovascular exercise 
in overtrained persons (Izquierdo et al., 2009; Main et al., 2009; Main et al., 2010). We 
also found one study that reported increased morning pro-inflammatory markers before 
physical exercise in male cyclists during an intense training program (Halson et al., 2003).

On the brain level, animal studies found that chronic exercise decreased microglial 
activation in the hypothalamus of obese mice (Barrientos et al., 2011; Yi et al., 2012) and 
in the hippocampus of aged mice (Kohman et al., 2013). Chronic cardiovascular (Liu et al., 
2013; Bobinski et al., 2015) and resistance (Liu et al., 2020) exercise decreased central pro-
inflammatory cytokines in male rats, and chronic cardiovascular (Gomes da Silva et al., 
2013) and resistance exercise (Liu et al., 2020) increased the level of the anti-inflammatory 
cytokine IL-10 in the hippocampus of healthy old male rats and frontal cortex of male 
Alzheimer dementia mice, respectively. In contrast, maximal intensity cardiovascular 
exercise on seven consecutive days increased the expression of inflammatory factors 
IL-1β and TNF-α in the hippocampus of rats and induced the activation of microglial cells 
(Sun et al., 2017). In healthy human subjects, observations from a recent study by Isung et 
al. (2021) showed that chronic exercise has only a small effect on inflammation-related 
protein levels in the cerebrospinal fluid.

3.2.2 Kynurenine
Kynurenine is converted from tryptophan by the enzyme indoleamine 2,3 dioxygenase 
in the liver (Capuron et al., 2011). Pro-inflammatory cytokines, like IL-1β, TNF-α and IFN-γ 
have been shown to upregulate indoleamine 2,3 dioxygenase (Allison et al., 2017). In 
correspondence with high systemic inflammatory cytokine levels, high circulating 
kynurenine levels were found to be associated with reduced memory performance 
(Solvang et al., 2019). During physical exercise, the activity of kynurenine aminotransferase 
is enhanced. This enzyme converts kynurenine into kynurenic acid, which is unable to 
cross the blood-brain barrier (Agudelo et al., 2014).
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Pathway
Within the brain, kynurenine can be metabolized into quinolinic acid by macrophages 
and microglia, or into kynurenic acid by astrocytes. Quinolinic acid leads to overactivation 
of NMDA receptors, which contributes to excitotoxic neural damage (Vécsei et al., 2013). 
Furthermore, it was found to have neuroinflammatory action (Stone and Darlington, 
2013). In contrast, kynurenic acid was found to be an antagonist of NMDA and α7 nicotinic 
acetylcholine receptors (Potter et al., 2010). The latter receptors exist on presynaptic 
glutamatergic synapses and increase glutamate release from presynaptic neurons upon 
activation (Vécsei et al., 2013). Similar to inflammatory cytokines, electrophysiological 
recordings on rat hippocampal slices in the CA1 region showed that perfusion of 
low concentrations of kynurenic acid was beneficial, while high concentrations were 
detrimental for LTP (Rózsa et al., 2008). Only perfusion of low concentrations was found 
to increase AMPA receptor activity (Prescott et al., 2006). In addition, low concentrations 
of kynurenic acid preferentially antagonized extrasynaptic NMDA receptors, sparing 
synaptic NMDA and AMPA receptors, while high concentrations completely antagonized 
both extrasynaptic and synaptic glutamatergic receptors (Rózsa et al., 2008; Demeter et 
al., 2013; Vécsei et al., 2013). Kynurenic acid was not found to influence the number of 
NMDA or AMPA receptors (Potter et al., 2010). Of note, none of these studies examined 
if physical exercise-induced elevations or reductions of kynurenine, quinolinic acid, or 
kynurenic acid have an influence on LTP.

Acute exercise effect
A recent review paper from Joisten and colleagues (2020) that includes their own 
work reported the effect of acute and chronic exercise on kynurenine. After acute 
cardiovascular and resistance exercise, circulating kynurenine levels increased, but this 
elevation was associated with increased kynurenine aminotransferase and kynurenic 
acid levels (Joisten et al., 2020). In their own work, Joisten et al. (2020) discovered that 
the kynurenine aminotransferase pathway was elevated to a higher extent following 
cardiovascular exercise compared with resistance exercise. From the literature review 
was derived that kynurenic acid/kynurenine ratios increased immediately and 60 minutes 
after cardiovascular and immediately after resistance exercise, and kynurenine levels 
decreased compared with pre-exercise 60 minutes after resistance or cardiovascular 
exercise (Joisten et al., 2020). Another study recently reported that acute sprint interval 
exercise resulted in increased levels of kynurenine 60 min after physical exercise in old 
but not in young healthy human subjects. The elevation of kynurenine in older adults was 
followed by increased levels of kynurenic acid 24h later (Trepci et al., 2020).
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Chronic exercise effect
Chronic cardiovascular exercise was also found to upregulate muscle kynurenine 
aminotransferase activity in mice (Agudelo et al., 2014; Ieraci et al., 2020) and humans 
(Agudelo et al., 2014; Allison et al., 2019). Agudelo et al. (2014) showed this resulted in 
increased conversion of kynurenine into kynurenic acid. One other study confirmed 
decreased kynurenine levels following cardiovascular exercise in mice that received 
kynurenine injections (Su et al., 2020). In contrast, most studies in humans have only 
reported trends of decreased circulating kynurenine levels or no effect after chronic 
cardiovascular or resistance exercise, as recently reviewed by Joisten et al. (2020) and 
confirmed in more recent studies (e.g., Isung et al. 2021). However, we found two studies 
that reported a decrease in circulating kynurenine levels after chronic resistance exercise 
in breast or pancreatic cancer patients, who had elevated baseline levels compared to 
healthy subjects (Zimmer et al., 2019; Pal et al., 2021). These results are suggestive to 
assume kynurenine levels only decrease following chronic exercise in conditions where 
they were elevated at baseline. In subjects with normal baseline levels, the upregulation 
of kynurenine aminotransferase activity seems only to keep levels in balance when 
physical exercise bouts tend to increase kynurenine levels.

3.3 Myokines
3.3.1 Irisin
Irisin was initially best known for turning white adipose tissue into brown adipose tissue 
(Boström et al., 2012). Furthermore, it was suggested to be a marker for muscle mass 
(Ruan et al., 2020). Irisin is cleaved from the membrane protein FNDC5. This membrane 
protein is upregulated after activation of the transcriptional regulators: peroxisome 
proliferator-activated receptor-γ coactivator 1α (PGC1α) and estrogen-related receptor-α 
(ERRα) (Olesen et al., 2010; Wrann et al., 2013). Physical exercise enhances the PGC1α/
ERRα-induced expression of FNDC5 not only in muscle, but also in the hippocampus 
(Wrann et al., 2013; Wrann, 2016). It is suggested that peripheral, physical exercise-induced 
irisin can pass through the blood-brain barrier (Wrann, 2016; Lourenco et al., 2019). 
Finally, observations from an animal model showed that administration of irisin in the 
hippocampus increased the response to LTP induction by electrophysiological stimuli 
(Mohammadi et al., 2019).

Pathway
Physical exercise was found to upregulate FNDC5/irisin expression and improve LTP 
in a mouse Alzheimer’s dementia model. Downregulating FNDC5/irisin with lentivirus-
mediated short hairpin RNA knockdown centrally or with anti-FNDC5 antibodies 
peripherally caused LTP not to improve following chronic exercise (Lourenco et al., 2019). 
Physical exercise-induced irisin was found to increase BDNF levels and is thought to affect 
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neurotransmission and/or regulation of LTP in the brain by stimulating the cAMP/PKA/
CREB pathway (Wrann et al., 2013; Lourenco et al., 2019). Greater physical exercise-induced 
increases of irisin were correlated with higher physical exercise-induced BDNF levels 
(Nicolini et al., 2020). However, it remains unknown which neuronal receptor induces this 
pathway after being activated by irisin (Chen and Gan, 2019).

Acute exercise effect
A systematic review reported that both acute cardiovascular and acute resistance exercise 
may induce a transient increase in irisin levels, as the authors found in six out of eight 
included studies (Rodrigues et al., 2016). The two studies that did not find a significant effect 
used cardiovascular exercise (Pekkala et al., 2013)(Aydin et al., 2013). Tsuchiya et al. (2015) 
indicated that resistance exercise induces a larger irisin response than cardiovascular 
exercise alone or resistance and cardiovascular exercise combined. Kraemer et al. (2014) 
compared young men with women during the early follicular phase and mid-luteal phase 
of the menstrual cycle, but did not find any differences. Higher intensity cardiovascular 
exercise was associated with higher levels of irisin (Daskalopoulou et al., 2014; Huh et 
al., 2014), but there was no significant difference for age or fitness level (Huh et al., 2014).

Chronic exercise effect
Wrann et al. (2013) showed that irisin levels could be increased by chronic cardiovascular 
exercise both in blood and brain. Multiple animal studies using cardiovascular training 
confirmed their finding (Wrann, 2016; Uysal et al., 2018; Lourenco et al., 2019; Gruhn et al., 
2021). In human studies, we found only two studies that showed increases in irisin levels 
in men following cardiovascular exercise (Boström et al., 2012; Miyamoto-Mikami et al., 
2015) while others indicated no significant effect (Pekkala et al., 2013; Norheim et al., 2014; 
Kim et al., 2016) and one showed decreases following sprint training in young physically 
active men (Tsuchiya et al., 2016). Miyamoto-Mikami et al. (2015) found only significant 
increases in irisin levels in middle-aged/older men and not in the young subgroup. 
Despite that Wrann (2016) stated that resistance training would probably not induce 
FNDC5 expression, since resistance exercise was found to activate a different isoform of 
PCC-1α than cardiovascular exercise (PCC-1α4 instead of PCC-1α1), a recent meta-analysis 
of randomized controlled trials included three resistance training studies which showed 
significant irisin level increases (Cosio et al., 2021). Furthermore, there were two resistance 
training studies reporting significant decreases and two reporting nonsignificant effects. 
Overall, the meta-analysis concluded that the effect of chronic resistance exercise on 
circulating irisin was a nonsignificant positive trend. However, subgroup analysis showed 
significant increases for older adults when % body fat decreased during the intervention 
period and when the intervention was less or equal to 12 weeks. There was a significant 
decrease when resistance training lasted longer than 4 months or when less than 80% 
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of the sessions were supervised by a professional (Cosio et al., 2021). Both studies with 
significant decreases had a duration of approximately 6 months, with low intense physical 
exercise sessions and without progression in intensity (Hecksteden et al., 2013; Scharhag-
Rosenberger et al., 2014). Subgroup analysis showed no differences for gender (Cosio et al., 
2021). One pilot study reported an increase in circulating irisin in their resistance training 
group compared to their cardiovascular training group and control group following 8 
weeks in obese subjects (Kim et al., 2016).

3.3.2 Cathepsin-B
Cathepsin-B is a lysosomal cysteine protease. During physical exercise, it is released from 
skeletal muscle cells. Cathepsin-B was found to pass through the blood-brain barrier and 
induce an increase in brain levels of BDNF. This was associated with improved memory 
function (Moon et al., 2016). However, cathepsin-B is also suggested to be a major 
driver for inflammatory brain diseases, neurodegenerative disorders, and brain aging 
associated with cognitive decline, as reviewed by Hook et al. (2020). Other authors have 
even advised to search for specific inhibitors of cathepsin-B as a therapeutic approach 
against neurodegeneration (Nakanishi, 2020).

Pathway
Cathepsin-B administration was reported to induce an increase in BDNF mRNA and protein 
levels on hippocampal progenitor cells in culture (Moon et al., 2016). The downstream 
signaling cascades that caused transcription of BDNF are currently unknown. A direct 
effect of physical exercise-induced cathepsin-B on LTP has not yet been investigated.

Acute exercise effect
A single bout of high-intensity interval exercise (Nicolini et al., 2020) or resistance exercise 
(Johnson et al., 2020) did not alter cathepsin-B levels in healthy young male adults.

Chronic exercise effect
Evidence for chronic exercise-induced changes in cathepsin-B levels is inconsistent. Moon 
et al. (2016) showed increased levels after cardiovascular training both peripherally and 
in the brain, while this was not confirmed by other authors (Gourgouvelis et al., 2018; 
Mees et al., 2019; Nicolini et al., 2019; Pena et al., 2020). Chronic resistance exercise was 
found to elevate cathepsin-B mRNA levels in muscle tissue (Norheim et al., 2011) and 
increase circulating levels in obese females (Kim and Kang, 2020). Again, other studies 
only found non-significant trends or no effect in female mice or humans (Pena et al., 
2020; Micielska et al., 2021).
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3.3.3 Apelin
Apelin is synthesized in many tissues, such as muscle, adipose tissue, and the brain 
(Masoumi et al., 2018; Wysocka et al., 2018; Halon-Golabek et al., 2019). It was reported to 
improve glucose homeostasis. Apelin levels were found to be increased in obesity and 
diabetes mellitus. This is suggested to be a compensatory mechanism to decrease insulin 
resistance (Boucher et al., 2005; Bertrand et al., 2015). Furthermore, apelin was suggested 
to be a biomarker for the diagnosis of aging-associated sarcopenia (Vinel et al., 2018). 
Pro-apelin is cleaved into apelin-36, and then further processed into shorter isoforms. 
Apelin-13 may represent the adipose tissue-derived isoform. Apelin-13 synthesis was 
found to be upregulated in adipose tissue of male obese mice (Shin et al., 2013). It is not 
clear which is the most expressed isoform in muscle tissue, but most researchers use 
non-specific measurements of apelin (Bae et al., 2019). Muscle-derived apelin might also 
be able to cross the blood-brain barrier, as intraperitoneal injections have been shown to 
increase apelin concentrations in the hypothalamus (Higuchi et al., 2007). However, none 
of the physical exercise studies we found searched for central apelin levels.

Pathway
Apelin administration to brain-derived glial cells increased BDNF levels in vitro. Inhibition 
of the apelin receptor downregulated BDNF mRNA expression, indicating apelin might 
promote BDNF-mediated LTP facilitation (Kwak et al., 2019). Another study also found 
that one week of daily intracerebroventricular injection of apelin increased hippocampal 
BDNF levels, as measured in vitro 24 hours after the last injection on hippocampal slices. 
In addition, this study also discovered that an antagonist of the TrkB-receptor blocked 
the ameliorative effect of apelin on memory performance in rats (Shen et al., 2019). 
Furthermore, apelin has been shown to act via the PI3K and ERK signaling pathways in 
the hippocampus. The beneficial effect of intracerebroventricular apelin administration 
on depression and memory of stressed rats was blocked by pretreatment with PI3K or 
ERK1/2 inhibitors (Li et al., 2016). At last, apelin is considered an anti-inflammatory agent 
counteracting the elevation of neuroinflammatory markers such as IL-1β and TNF-α, as 
occurring following brain injury (Masoumi et al., 2018). No studies searched for a causal 
link between physical exercise-induced elevations of apelin and the facilitation of LTP.

Acute exercise effect
Some studies reported that an acute bout of endurance (Bilski et al., 2016; Son et al., 2019; 
Dundar et al., 2019a; Kon et al., 2020), sprint interval (Kon et al., 2019), or resistance exercise 
(Kechyn et al., 2015; Fortunato et al., 2018) significantly increased apelin plasma levels. But 
levels did not significantly change in other studies (Waller et al., 2019).
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Chronic exercise effect
A recent meta-analysis from Bae and colleagues (2019), including nine studies, showed 
that circulating apelin levels increased following physical exercise. They reported that 
all four studies including participants with a mean age between 50-60 years old showed 
significant increases. In contrast, only one of the five studies including younger adults 
could replicate these results. Only two studies included resistance exercise, with one 
reporting non-significant changes and the other reporting a decrease in apelin levels (Bae 
et al., 2019). In rat studies, apelin levels increased following chronic cardiovascular and 
resistance exercise (Zhang et al., 2006; Ji et al., 2016; Son et al., 2017; Vinel et al., 2018; Kwak 
et al., 2019; Sabouri et al., 2020). However, decreases following chronic cardiovascular or 
resistance exercise were also reported. Some studies in obese women reported declines 
of (non-isoform specific) apelin levels linked to physical exercise-induced weight loss 
(Sheibani et al., 2012; Jang et al., 2019), but physical exercise-induced decreases in apelin 
levels were more consistently linked to physical exercise-associated improvements of 
insulin resistance (Krist et al., 2013; Bertrand et al., 2015; Delavar and Heidarianpour, 2016; 
Otero-Díaz et al., 2018; Kolahdouzi et al., 2019; Nam et al., 2020). Moreover, it was shown 
that insulin directly drives the upregulation of adipocyte-derived apelin in a state of 
hyperinsulinemia (Boucher et al., 2005; Yang et al., 2015), while muscle tissue expresses 
apelin only following physical exercise (Yang et al., 2015). As apelin has a beneficial effect 
on glucose homeostasis, adipocyte-derived apelin might have a role in limiting insulin 
resistance when it is already present, while muscle-derived apelin has the potential to 
prevent it.

3.3.4 Adiponectin
Adiponectin is mainly released from adipose tissue. However, during physical exercise, it is 
also expressed and released from skeletal muscle (Dai et al., 2013). Circulating adiponectin 
levels were lower in obese adults (Yang et al., 2002). Adiponectin was found to be able to 
cross the blood-brain barrier and mediate hippocampal neurogenesis (Yau et al., 2014; Li 
et al., 2015). Moreover, it is considered an anti-inflammatory marker with beneficial effects 
on cardiovascular and metabolic disorders (Ouchi and Walsh, 2007).

Pathway
Intracerebroventricular injection adiponectin was found to facilitate LTP in anesthetized rats 
(Pousti et al., 2018). Wang et al. (2019) showed that administration of adiponectin increased 
AMPA and NMDA surface expression on hippocampal slices. However, the intracellular signaling 
pathway activated by adiponectin remains unclear. It was suggested that adiponectin might 
enhance NMDA-receptor function via the PI3K/Akt pathway in the hippocampus (Pousti 
et al., 2018), as this pathway was activated following intracerebroventricular adiponectin 
injection in an Alzheimer’s rat model (Xu et al., 2018). Furthermore, multiple studies have 
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shown that adiponectin has an anti-inflammatory effect on the brain (Forny-Germano et 
al., 2019). Although these studies may suggest that adiponectin can mediate the exercise-
cognition effect, no studies have currently provided direct evidence that changes in circulating 
adiponectin levels following physical exercise facilitate LTP.

Acute exercise effect
In systematic reviews, acute cardiovascular exercise was found to increase adiponectin 
levels (Simpson and Singh, 2008; Bouassida et al., 2010). Simpson and Singh (2008) 
suggested that high-intensity exercise is required for the modulation of adiponectin 
levels. Bouassida et al. (2010) indicated that increases are only found following physical 
exercise bouts of less than 60 min. We found only two studies that examined the effect 
of acute resistance exercise. Both did not show significant changes in adiponectin levels 
(Mansouri et al., 2011; Ihalainen et al., 2017).

Chronic exercise effect
A meta-analysis showed that adiponectin expression increased following chronic 
cardiovascular exercise, but not following resistance exercise in prediabetic and diabetic 
adults (Becic et al., 2018). A more recent meta-analysis also reported an overall increase 
of adiponectin levels following chronic exercise, but only included two studies with 
resistance exercise. In one of the two studies, resistance exercise induced significant 
increases in adiponectin levels (Rahimi et al., 2021). However, quite some other studies 
not included in these meta-analyses did report significant increases in adiponectin levels 
after chronic resistance exercise (Fatouros et al., 2005; Ihalainen et al., 2017; Galbreath 
et al., 2018; Montrezol et al., 2019; Park et al., 2019) or combined cardiovascular and 
resistance exercise protocols (Markofski et al., 2014; Dieli-Conwright et al., 2018a; Dieli-
Conwright et al., 2018b; Ghayomzadeh et al., 2020). Of interest, Davis et al. (2015) reported 
that the combination of cardiovascular and resistance exercise was better at increasing 
adiponectin levels than resistance exercise alone. This might be explained by the finding 
from others that adiponectin increase was linked with fat loss (Bouassida et al., 2010; 
Christiansen et al., 2010; Kelly et al., 2014).

3.4 Metabolites
3.4.1 Lactate
Acute high-intensity exercise increases muscle-derived lactate levels (Saucedo Marquez 
et al., 2015; Albesa-Albiol et al., 2019). Next, lactate may cross the blood-brain barrier via 
monocarboxylate transporters. Interestingly, these transporters were found to be rapidly 
upregulated during an acute bout of physical exercise (Takimoto and Hamada, 2014). 
Brain lactate levels were found to remain elevated more than 40min after vigorously 
intense physical exercise, while blood lactate levels had already dropped back to baseline 
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(Maddock et al., 2011). Brain lactate can also arise from astrocyte metabolism (Müller et 
al., 2020). Lactate is transferred via monocarboxylate transporters from astrocytes towards 
neurons when energy demand is high, such as during memory formation. Pharmacological 
inhibition of monocarboxylate transporter 2, the transporter that is found on neurons to 
admit lactate, impairs long-term memory formation (Newman et al., 2011).

Pathway
Increased blood lactate levels were found to correlate with circulating BDNF, IGF-1, GH, 
and VEGF (Schiffer et al., 2011; Salgueiro et al., 2014; Kujach et al., 2020). Furthermore, 
lactate was found to increase the hippocampal levels of transcriptional coactivator PGC1α 
and its transcriptional product, FNDC5/irisin. As described in section 3.3.1, FNDC5/irisin 
is known to induce BDNF expression (Wrann et al., 2013). Lactate acts by activating silent 
information regulator 1 (SIRT-1), a class III histone deacetylase (El Hayek et al., 2019). El 
Hayek et al. (2019) discovered in male mice that SIRT-1 is activated by the NADH molecules 
that originate from the conversion of lactate back to pyruvate. Moreover, both protein and 
mRNA levels of SIRT-1 were increased following physical exercise and lactate infusion. 
The same effect was found after intraperitoneal injections of lactate at concentrations 
that induced increases in hippocampal lactate levels of the same level as found after 
physical exercise (El Hayek et al., 2019).

In addition, lactate was found to potentiate active NMDA receptors in cultured 
cortical neurons, thereby increasing the response of downstream signaling pathways, 
which are involved in the LTP process (Yang et al., 2014). Lactate can also be used in 
the tricarboxycyclic acid cycle to produce intermediates that can be used for de novo 
synthesis of amino acid neurotransmitters such as glutamate and GABA (Kleppner and 
Tobin, 2002).

Finally, lactate may also reduce neuroinflammation by changing microglia toward 
their anti-inflammatory phenotype, see section 3.2.1 (Errea et al., 2016). Lactate causes the 
addition of a lactyl group to the lysine amino-acid residues in the tails of histone proteins 
(i.e., histone lactylation) which stimulates genes of the anti-inflammatory phenotype in 
microglia (Zhang et al., 2019).

Lactate seems to activate several pathways associated with LTP. It can be used as a 
precursor to the excitatory neurotransmitter glutamate and the inhibitory neurotransmitter 
GABA (Kleppner and Tobin, 2002), and physical exercise-induced elevations of lactate were 
reported to cause SIRT-1 activation. The physical exercise-induced activation of PGC1α 
and, in turn, FNDC5/irisin, which induces BDNF synthesis, were found to be dependent 
on SIRT-1 activation (El Hayek et al., 2019). As increased levels of BDNF are linked with the 
facilitation of LTP, the effect of lactate can be inferred. However, none of these studies 
examined the direct link between the physical exercise-induced facilitation of LTP and 
lactate.
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Acute exercise effect
Both acute high-intensity cardiovascular exercise and resistance exercise are capable 
of increasing blood lactate levels at intensities above the anaerobic threshold 
(Saucedo Marquez et al., 2015; Albesa-Albiol et al., 2019). Animal studies confirmed 
acute cardiovascular exercise-induced increases in brain lactate levels in the cortex, 
hippocampus and hypothalamus (Takimoto and Hamada, 2014). In humans, a difference 
between the carotid artery and jugular vein lactate levels indicated lactate is used 
within the brain during acute cardiovascular exercise (Ide et al., 1999; 2000). Moreover, 
magnetic resonance studies showed increased brain lactate levels after high-intensity 
cardiovascular exercise in the visual cortex (Maddock et al., 2011).

Chronic exercise effect
No effect on baseline levels of lactate after chronic exercise is to be expected. However, 
one study showed that mice with free access to a running wheel for 30 days had higher 
in vitro hippocampal lactate concentrations than sedentary controls. Therefore, they 
suggested that lactate accumulates following chronic cardiovascular exercise in the 
hippocampus of male mice (El Hayek et al., 2019).

3.4.2 β-hydroxybutyrate (BHB)
Ketone bodies, like BHB, are increased in the circulation and brain after fasting, dieting, 
and prolonged physical exercise (Mitchell et al., 1995). Ketone bodies are produced in 
the liver. They are used as an energy source under conditions of reduced glucose levels 
(Mitchell et al., 1995). Similar to lactate, also BHB penetrates the blood-brain barrier 
through the monocarboxylate transporter (Takimoto and Hamada, 2014). As described in 
section 3.4.1, the activation of these transporters was found to increase following acute 
exercise (Takimoto and Hamada, 2014). Of interest, BHB administration was found to 
improve cognitive function in rats (Murray et al., 2016; Hernandez et al., 2018).

Pathway
BHB acts as a direct class I histone deacetylase inhibitor. It prevents the recruitment of 
histone deacetylase 2 and 3 to the BDNF promoter I. This way, BDNF gene transcription 
was increased following BHB administration or the elevation of circulating BHB levels 
after chronic exercise interventions, as was shown on mice and rat hippocampal cultures 
(Sleiman et al., 2016; Hu et al., 2018; Lan et al., 2018). Moreover, it acts via the cAMP/PKA 
pathway to activate CREB (Hu et al., 2018). Incubation of hippocampal slices with BHB 
increased excitatory synaptic transmission, which is related to LTP facilitation (Sleiman 
et al., 2016). While Sleiman et al. (2016) both reported increased hippocampal BHB levels 
following physical exercise and facilitation of LTP following administration of BHB on 
hippocampal slices, they did not directly measure LTP activity following physical exercise.
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Acute exercise effect
An acute bout of prolonged cardiovascular exercise was found to increase BHB blood 
(Mitchell et al., 1995; Nybo et al., 2003; Kim et al., 2013) and brain (Nybo et al., 2003; 
Takimoto and Hamada, 2014) levels in animal and humans (arterial and jugular venous 
blood level differences). All of these studies used male animals or human subjects. 
Nybo et al. (2003) reported that the effect was absent when exercising subjects received 
carbohydrate supplementation. One study showed that acute resistance exercise also 
increased BHB levels in men (Tsekouras et al., 2009).

Chronic exercise effect
In old male mice, BHB serum levels increased following a 4-week physical exercise program 
in endurance trained, but not in resistance trained animals (Kwak et al., 2021). However, 
in combination with a low calorie diet, both cardiovascular and resistance training were 
found to increase BHB levels (Jo et al., 2019; Vieira et al., 2021). Furthermore, elastic band 
exercise, which was considered a hybrid form of physical exercise between cardiovascular 
and resistance training, increased BHB serum levels in women with low pre-exercise 
BHB concentrations (Kwak et al., 2021). Finally, BHB was found to accumulate in the 
hippocampus of male mice after a chronic cardiovascular exercise program (Sleiman et 
al., 2016; Lan et al., 2018). Non-significant trends of increased blood and brain BHB levels 
after chronic cardiovascular exercise are also reported (Béland-Millar et al., 2020).

3.5 Other exerkines
3.5.1 Osteocalcin
Osteocalcin is a bone-derived hormone. It is secreted by osteoblasts during bone 
resorption. It can be found in blood in active (uncarboxylated) and decarboxylated forms 
(Khrimian et al., 2017). The uncarboxylated form of osteocalcin was found to cross the 
blood-brain barrier. There, it enhances the synthesis of monoamine neurotransmitters 
(serotonin and catecholamines), but inhibits the synthesis of GABA. This was found 
to favor learning in adult mice (Oury et al., 2013). In mice, baseline osteocalcin serum 
levels were found to decrease with age (Mera et al., 2016). Recent studies in humans 
also discovered an association between lower levels of osteocalcin and brain atrophy 
and cognitive performance decline (Puig et al., 2016; Fang et al., 2018). Bradburn and 
colleagues (2016) reported that lower levels of plasma osteocalcin were only associated 
with cognitive decline in older women, but not in older men or young adults (Bradburn et 
al., 2016). However, another study including mainly older women (85% female, 15% male) 
with cognitive decline did not find an association between cognitive function and total or 
uncarboxylated osteocalcin (Ross et al., 2018). For more information on the osteocalcin-
cognition link, see review papers by Shan et al. (2019) and Nakamura et al. (2020).
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Pathway
Osteocalcin was shown to bind to the G-protein-coupled receptor (Gpcr158) on cultured 
hippocampal neurons (Khrimian et al., 2017). Osteocalcin treatment on these cultured 
hippocampal neurons resulted in an enhancement of hippocampal BDNF and BDNF 
mRNA expression and fastened trafficking of BDNF-containing vesicles to synapses. 
The peripheral injection of osteocalcin also improved memory function in old mice 
(Khrimian et al., 2017). Moreover, greater physical exercise-induced increases in the 
active, uncarboxylated form of osteocalcin were found to be associated with higher 
serum BDNF levels in young healthy men (Nicolini et al., 2020). However, no studies 
examined the direct effect of physical exercise-induced elevations in circulating 
osteocalcin on LTP activity.

Acute exercise effect
The circulating levels of uncarboxylated osteocalcin were found to double during acute 
cardiovascular exercise in young mice, whereas in older mice, the response was much 
lower (Mera et al., 2016). In humans, a bout of moderate to high-intensity cardiovascular 
exercise was found to increase uncarboxylated osteocalcin in males (Levinger et al., 
2014a; Nicolini et al., 2020b; Smith et al., 2021) and females (Jürimäe et al., 2016; Smith 
et al., 2021). Smith et al. (2021) reviewed studies with middle-aged and older adults 
reporting total, uncarboxylated, and carboxylated osteocalcin levels following acute 
exercise. They described that total osteocalcin levels increased more in middle-aged 
than in older adults and more in men than in women (Smith et al., 2021). Osteocalcin 
levels did not change following acute resistance exercise (Levinger et al., 2011; Rogers 
et al., 2011). The recent systematic review of Smith et al. (2021) only included one study 
on acute resistance exercise. Hence, more studies are needed to confirm that acute 
resistance exercise is incapable of increasing circulating osteocalcin.

Chronic exercise effect
A meta-analytic study showed that both chronic cardiovascular and resistance exercise 
were found to increase basal levels of circulating uncarboxylated osteocalcin (Rahimi 
et al., 2021). In the study of Lester et al. (2009), only resistance exercise or resistance 
exercise combined with cardiovascular exercise, but not cardiovascular exercise alone, 
resulted in increased levels of osteocalcin. Furthermore, baseline uncarboxylated 
osteocalcin levels were positively associated with muscle strength, which might indicate 
that chronic resistance exercise is the better approach to induce uncarboxylated 
osteocalcin (Karlsson et al., 1995; Levinger et al., 2014b).
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3.5.2 Orexin-A/Hypocretin-1
Orexin-A is synthesized by neurons in the hypothalamus (Chieffi et al., 2017) or gastro-
intestinal tract (Nakabayashi et al., 2003), and by the pancreatic islets (Dall’Aglio et al., 
2010). Orexin-A levels are decreased in obese and sedentary humans, whereas high levels 
are associated with improved cognitive performance (Polito et al., 2020). The origin of the 
peripheral rise in orexin A levels induced by physical exercise is not well known. However, 
it has been suggested to be induced by sympathetic nervous system activation (Messina 
et al., 2016). It may be released in the bloodstream from the pituitary (Tsunematsu and 
Yamanaka, 2012), leak from cerebrospinal fluid (Chieffi et al., 2017), or diffuse through the 
blood-brain barrier (Kastin and Akerstrom, 1999).

Pathway
Hippocampal orexin-A infusion was reported to enhance the response to LTP induction 
by electrophysiological stimuli in vivo in anesthetized rats, which was blocked by a 
specific orexin-A receptor-1 antagonist (Wayner et al., 2004). The same antagonist also 
decreased LTP in freely moving rats, as measured with two electrodes over the perforant 
pathway (i.e., the connectional route from the entorhinal cortex to the hippocampal 
formation) (Akbari et al., 2011). In a mouse model in which orexin-producing neurons 
degenerate by three months of age, in vitro hippocampal LTP magnitude and the level of 
phosphorylated CREB were decreased. This suggests a role of orexin-A in CREB-mediated 
transcription (Yang et al., 2013). In vitro electrophysiological recordings with and without 
administration of orexin receptor 1+ and 2, and PLC and PKA antagonists suggested that 
orexin-A mediates this effect on LTP by the PLC-pathway via orexin receptor-1 and cAMP/
PKA-pathway via orexin receptor-2 (Lu et al., 2016). Currently, a possible link between 
the physical exercise-induced increase of orexin-A and the facilitation of LTP-related 
pathways can only be inferred from these models, as no studies exist that examined the 
direct link between those two.

Acute exercise effect
An acute bout of cardiovascular exercise was found to increase circulating orexin-A levels 
in young sedentary men (Messina et al., 2016) and cerebrospinal fluid levels in animals 
(Wu et al., 2002; Martins et al., 2004).

Chronic exercise effect
We found only one study that showed that chronic cardiovascular exercise increases 
circulating Orexin-A levels in healthy middle-aged men and men with metabolic syndrome 
(Monda et al., 2020).
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3.5.3 Ghrelin
Ghrelin is mainly produced in the stomach before meals and released into circulation 
(Cummings et al., 2001). It stimulates appetite and enhances the secretion of GH from the 
pituitary gland (Kojima et al., 1999). Peripheral ghrelin may cross the blood-brain barrier, but 
it may also be synthesized in the brain itself (Ribeiro et al., 2014). It has been shown to have 
neuroprotective properties (Santos et al., 2017) and enhance the response to LTP induction 
by electrophysiological stimuli in the hippocampus (Diano et al., 2006; Chen et al., 2011).

Pathway
Ghrelin binds to the growth hormone secretagogue type 1a receptor in the pituitary (Kojima 
et al., 1999), where it induces the release of GH (see section 3.1.3) and in the hippocampus 
(Guan et al., 1997), where it increases memory retention (Diano et al., 2006; Chen et al., 
2011). Intraperitoneal injection of ghrelin resulted in hippocampal elevations of IGF-1 and 
IGF-1 mRNA levels (see section 3.1.2). In cultured rat hippocampal neurons, Ribeiro et al. 
(2014) showed that GHS-1a receptors are found on the excitatory synapse. GHS-1a receptor 
activation by ghrelin administration resulted in the increase and phosphorylation of AMPA 
receptors in the postsynaptic density, enhancing excitatory synaptic transmission. This 
effect was mediated by the PLC/IP3, PLC/PKC, PLC/PI3K, and cAMP/PKA-pathways (Ribeiro 
et al., 2014). No studies were found that assessed the influence of physical exercise-
induced ghrelin on LTP-related pathways.

Acute exercise effect
Autio et al. (2020) recently reviewed the effect of physical exercise on ghrelin levels. They 
indicated that acute cardiovascular and resistance exercise lowered circulating ghrelin 
levels in some studies. In contrast, Erdmann et al. (2007) suggested a role of physical 
exercise intensity, showing increased ghrelin levels after low-intensity cardiovascular 
exercise below the aerobic threshold. Also Toshinai et al. (2007) showed intensity 
dependent effects on ghrelin levels in healthy men, with higher intensity physical exercise 
inducing a greater suppression of ghrelin levels, associated with higher adrenalin and 
noradrenalin levels.

Chronic exercise effect
Chronic cardiovascular and resistance exercise were found to increase baseline plasma 
ghrelin levels (Ravussin et al., 2001; Martins et al., 2010; Kim et al., 2014; Moraes et al., 
2015; Dundar et al., 2019b; Tremblay et al., 2019) and cardiovascular exercise increased 
24h measurements of ghrelin (i.e., the sum of all serum ghrelin levels measured in blood 
obtained every 20 minutes for a duration of 24 hours) (Leidy et al., 2007). Some authors 
reported that only those with significant weight loss had increased ghrelin levels after 
chronic exercise (Leidy et al., 2004; Foster-Schubert et al., 2005; Scheid et al., 2011).
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3.5.4 Vasoactive intestinal peptide (VIP)
VIP is a peptide with vasodilatory function, which is secreted by nerve endings in the 
gastrointestinal tract, heart, lungs, thyroid, urinary bladder, kidney, genital organs, and 
brain (Said and Mutt, 1970; Henning and Sawmiller, 2001). VIP was found to cross the 
blood-brain barrier only unidirectionally from blood towards the brain (Dogrukol-Ak 
et al., 2003). Within the brain, it may potentiate LTP-related pathways (Cunha-Reis and 
Caulino-Rocha, 2020).

Pathway
In the hippocampus, VIP is known to activate the VIP receptor 1, VAPC1, and VIP receptor 
2, VAPC2. VAPC1 activated PLC/IP3 and PLC/PKC-signaling, while VAPC2 induced the 
cAMP/PKA-pathway in hippocampal CA1 pyramidal cells (Cunha-Reis et al., 2005). In vitro 
administration of VIP on CA1 cells activated these receptors and resulted in increased 
synaptic transmission by enhancing NMDA currents (Yang et al., 2009). Inhibition of PKC 
or PKA attenuated the VIP-mediated enhancement of synaptic transmission (Cunha-Reis 
et al., 2005). For a review concerning the facilitating action of VIP on LTP and LTP-related 
pathways, we refer to Cunha-Reis and Caulino-Rocha (2020). However, we found no studies 
that assessed the direct effect of physical exercise-induced VIP elevations on LTP-related 
pathways.

Acute exercise effect
A bout of cardiovascular exercise until exhaustion, submaximal muscular exercise, and 
an acute bout of low-intensity cardiovascular exercise of long duration were found to 
increase circulating VIP levels in men (Galbo et al., 1979; Woie et al., 1986; Rolandi et al., 
1988; MacLaren et al., 1995). The acute exercise-associated rise in circulating VIP was 
suggested to result from the overflow of the peptide at skeletal muscle blood vessels, 
where it acts as a potent vasodilator (Woie et al., 1986).

Chronic exercise effect
A five-day period of physical exercise with calorie deficiency and sleep deprivation 
induced increases in VIP levels in male military cadets (Øktedalen et al., 1983a, 1983b). 
However, calorie compensation lowered the VIP increase (Øktedalen et al., 1983a). An 
eight-week program of low-intensity cardiovascular exercise did not induce increases in 
VIP serum levels (Amirazodi et al., 2019).
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4. Concluding remarks

This review describes current evidence for the role of exerkines in mediating the 
neurophysiological processes leading to LTP that occur in the brain following physical 
exercise. It is important to note that we only reported a small fraction of all the processes 
that exerkines may induce in the brain. Furthermore, we discussed only LTP processes 
at the glutamatergic excitatory synapse and did not refer in our review to mechanisms 
and pathways of neurogenesis, LTD-related processes, or processes at the GABAergic 
inhibitory synapse. Yet, LTP and neurogenesis are somewhat related, as neurogenesis 
may be boosted by the growth factors that are synthesized in neurons during LTP (Cho 
et al., 2013), and newly formed neurons appear to depend on LTP for their survival and 
maturation (Shors et al., 2012; Denoth-Lippuner and Jessberger, 2021). In comparison with 
LTP and the modulatory effects of exerkines on pathways at the glutamatergic synapse, 
evidence for exerkine effects on LTD or changes in the GABAergic synapse is limited. 
However, some processes and pathways that were described in this review may also be 
implicated in up- or downregulation of GABAergic transmission, e.g., studies have reported 
an effect of lactate on GABA levels (Maddock et al., 2016; Coxon et al., 2018), and of BDNF 
on GABAergic modulation (Vaz et al., 2011). Furthermore, evidence is still lacking regarding 
the effect that physical exercise-induced elevations of GABA concentrations in cortical 
neurons, measured with 1H-MRS, may have on GABAergic neurotransmission (Maddock 
et al., 2016). On the one hand, lactate may be converted to GABA, which is expected to 
increase its availability in presynaptic terminals and strengthen GABA-mediated inhibitory 
control (Kleppner and Tobin, 2002; Maddock et al., 2016). On the other hand, findings 
generated from studies involving non-invasive brain stimulation methods such as TMS 
demonstrated an overall downregulation of GABAergic activity following an acute bout of 
cardiovascular exercise (e.g., Singh et al., 2014a; Mooney et al., 2016; Stavrinos and Coxon, 
2017; O’Leary et al., 2018; for a review see Levin et al. 2021).

Although the LTP process has extensively been studied, for example, in relation to 
neuroplasticity, its relationship with exerkines needs further exploration. Most studies 
involve animal models and have investigated the effect of administration of a specific 
exerkine on the alteration of LTP-related pathways, but do not offer direct evidence 
that the physical exercise-induced increase of this exerkine may also alter LTP-related 
pathways. More specifically, only for three of the 16 exerkines presented in this review 
(BDNF, irisin, and pro-inflammatory cytokines), we found evidence suggesting that the 
physical exercise-related change in circulating exerkine levels was associated with the 
facilitation or impairment of LTP activity. In mice, elevated levels of BDNF (Novkovic et al., 
2015) and irisin (Lourenco et al., 2019) following chronic exercise facilitated LTP activity 
and elevated levels of the pro-inflammatory cytokines TNF-α and IL-1β following seven 
days of daily maximal cardiovascular exercise were reported to have detrimental effects 
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on LTP activity (Sun et al., 2017). In other studies, the exerkine-effect on LTP activity was 
only reported following in vitro administration of the exerkine. However, the physical 
exercise-induced elevation of only four of the 16 exerkines included in this review (IGF-1, 
BHB, lactate, and irisin) was found to activate the transcription of one of the exerkines 
with known physical exercise-induced facilitatory effect on LTP (i.e., BDNF or irisin). For 
example, BDNF transcription in rodent brain was associated with physical exercise-
induced elevations of IGF-1 (Ding et al., 2006), irisin (Wrann et al., 2013), and BHB (Sleiman 
et al., 2016) following chronic exercise and with the physical exercise-induced elevation 
of IGF-1 (Carro et al., 2001) following acute exercise. Furthermore, neural synthesis of 
irisin was suggested to be an effect of physical exercise-induced elevations in lactate, 
measured after 30 days of voluntary physical exercise in mice(El Hayek et al., 2019). Of 
note, physical exercise-induced elevations in irisin were both found to enhance the 
response to electrophysiological stimulation of LTP (Lourenco et al., 2019) and to mediate 
hippocampal BDNF transcription (Wrann et al., 2013). Thus, the faciliatory effect of irisin 
on LTP activity may be indirect by the induction of a rise in BDNF levels. The circulating 
levels of the ten remaining exerkines were found to be altered by physical exercise, but 
at present, none of the studies measured their role in the physical exercise-induced 
facilitation of LTP activity. Current evidence about the role of these exerkines on LTP is 
mainly derived from studies, in which these exerkines were administered in vitro and 
subsequent changes in LTP activity (in case of GH, kynurenine, adiponectin, orexin-A, 
ghrelin, and VIP) or BDNF levels (in case of cathepsin-B, apelin, and osteocalcin) were 
found (Wayner et al., 2004; Diano et al., 2006; Rózsa et al., 2008; Kim et al., 2010; Chen et 
al., 2011; Molina et al., 2012; Moon et al., 2016; Khrimian et al., 2017; Pousti et al., 2018; Kwak 
et al., 2019; Cunha-Reis and Caulino-Rocha, 2020; Nicolini et al., 2020).

Of note, there were some inconsistencies in the reported effect of physical exercise 
on exerkine levels. Some differences might be due to the discrepancy in the quantification 
of biomarkers, timing of sample collection, pre-analytic sample processing, the analytical 
method, and calculation of other factors (Son et al., 2018). As an example, studies have 
described how BDNF levels may differ between measurements due to circadian variability, 
the time between blood collection and centrifugation, or whether BDNF was measured in 
serum or in plasma (Cain et al., 2017; Gejl et al., 2019). Of importance, the time between the 
last physical exercise bout and sample collection is often not clearly denoted in chronic 
exercise studies. However, this is critical to differentiate between changes in exerkine 
levels that represent acute exercise effects in trained individuals and changes in baseline 
exerkine levels as a function of chronic exercise. Acute exercise may transiently change 
exerkine levels lasting for minutes up to more than 24 hours after physical exercise 
(Garneau et al., 2020). To accurately measure longer-lasting changes in baseline exerkine 
levels induced by chronic exercise, we would advise having at least one, but preferably 
two or more full rest days between blood sample collection and the last physical exercise 
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bout. Chronic intervention studies should also consider adding follow-up measurements 
several months after the end of the intervention in order to examine whether exerkine 
levels return to their pre-intervention levels or remain elevated.

In addition to the differences in blood sampling methods, there is a large 
heterogeneity in the physical exercise protocols and study subjects’ characteristics, 
which vary according to the study’s objectives. It is interesting to learn which type of 
physical exercise works best to change a certain exerkine in a certain population as 
this may lead to the design of individualized physical exercise protocols. The ultimate 
goal for individualized physical exercise training is to find a physical exercise protocol 
that works best to improve performance or prevent a specific type of cognitive or motor 
deficit in a specific population. In young and healthy older adults, the primary aim may 
be the improvement or acquisition of certain skills that has been shown to be associated 
with LTP induction during the memory consolidation phase (e.g., Statton et al., 2015; for 
a review, see Wanner et al., 2020). For older adults with neurodegenerative disorders 
or abnormal cognitive decline, physical exercise may have more specific functional/
therapeutic goals (e.g., inhibit inflammation or improve cardiovascular function). In the 
following paragraphs, we will discuss what we can learn from the literature that was 
summarized in this review paper. As we did not review the link between certain domains 
of cognitive function and specific exerkines, our discussion will be limited to the effect 
of physical exercise and subject characteristics on the release of these exerkines into 
circulation. Where possible, the association between these physical exercises and subject 
characteristics and LTP will be highlighted.

First, different modes of physical exercise (i.e., cardiovascular versus resistance 
exercise) are expected to activate different regulatory pathways. Kim and colleagues 
(2019) argued that resistance exercise may be better in promoting the release of myokines, 
while cardiovascular exercise may have a greater influence on other exerkines such as 
adiponectin (Davis et al., 2015; Kim et al., 2019). Compared with resistance exercise, the 
beneficial effect of cardiovascular exercise on the brain may, to a greater extent, be 
attributed to improvements in cardiovascular function or changes in energy metabolism, 
such as increased delivery of nutrients and oxygen (Kim et al., 2019). From our review, 
it becomes clear that the evidence on exerkine release during and following acute and 
chronic resistance exercise is limited compared to cardiovascular exercise. Therefore, it 
is not possible to draw final conclusions. However, it was argued that resistance training 
is an essential component of the physical exercise program to boost BDNF levels in 
older (Marinus et al., 2019) and osteocalcin levels in young adults (Lester et al., 2009). 
Acute or chronic resistance exercise was preferred to boost IGF-1 (de Alcantara Borba 
et al., 2020; Gulick et al., 2020; Jiang et al., 2020) and acute resistance exercise resulted 
in larger irisin level increases than cardiovascular exercise (Tsuchiya et al., 2015). In 
contrast, adiponectin levels were found to increase to a greater extent if physical exercise 
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contained a component of cardiovascular exercise, compared with resistance exercise 
alone (Davis et al., 2015).

Second, physical exercise intensity was reported to influence the release of exerkines. 
Acute exercise of higher intensity was associated with higher circulating levels of lactate 
(Saucedo Marquez et al., 2015; Albesa-Albiol et al., 2019), irisin (Daskalopoulou et al., 
2014; Huh et al., 2014) and adiponectin (Simpson and Singh, 2008). While some studies 
reported that BDNF levels were higher following acute high-intense versus low-intense 
physical exercise, e.g., Schmolesky et al. (2013), the meta-analysis of Dinoff et al. (2017) 
only found a nonsignificant positive trend (p = 0.085) between BDNF levels and higher 
physical exercise intensity. In general, the release of exerkines is expected to require a 
certain physical exercise intensity before protein synthesis is activated. However, higher 
intensity is not always better. For example, ghrelin levels increased more following low-
intense acute exercise compared with high-intense physical exercise in the study of 
Toshinai et al. (2007). Furthermore, chronic high-intense physical exercise without the 
necessary recovery periods (i.e., overtraining) was associated with increased levels of 
pro-inflammatory cytokines, with detrimental effects on LTP (Sun et al., 2017).

Third, longer physical exercise duration was associated with higher levels of BDNF 
following acute exercise intervention. Also in chronic exercise interventions, the length 
of the intervention may influence the change in baseline exerkine levels. For example, 
a meta-analysis reporting the effect of resistance exercise on irisin levels described 
that irisin levels significantly increased in interventions lasting less than 12 weeks 
and decreased in physical exercise interventions lasting longer than 16 weeks (Cosio 
et al., 2021). Two studies had reported decreased irisin levels. Both were not only of 
long duration (6 months or more), but also used low-intense physical exercise sessions 
without progression in intensity (Hecksteden et al., 2013; Scharhag-Rosenberger et al., 
2014). Hence, it is possible that the physical exercise intensity level, known to affect irisin 
response (Daskalopoulou et al., 2014; Huh et al., 2014), may have had a higher impact on 
the irisin levels than the physical exercise duration.

Fourth, age is considered to play an important role in how our body responds to 
physical exercise. Furthermore, the effect of age is widely studied with respect to LTP. For 
example, in old compared with young rodents, in vitro radioligand binding studies have 
shown a significant age-related loss of postsynaptic glutamatergic receptors, especially of 
the NMDA subtype, which is critical for the LTP process (Kito et al., 1990; Cohen and Müller, 
1992). In addition, in vitro electrophysiological studies found LTP induction deficits in 
hippocampal slices of old rats compared with their younger counterparts (Deupree et al., 
1993; Moore et al., 1993). Increasing age is also linked with a decrease in the baseline levels 
of myokines and growth factors, with BDNF as the cornerstone (Tapia-Arancibia et al., 
2008; Erickson et al., 2010; El-Sayes et al., 2019). However, higher physical exercise-induced 
elevations were found in older adults for IGF-1 following chronic resistance exercise (Jiang 
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et al., 2020; Ye et al., 2020; Amiri et al., 2021), for irisin following chronic cardiovascular 
(Miyamoto-Mikami et al., 2015) and resistance exercise (Cosio et al., 2021), and for apelin 
following chronic cardiovascular exercise (Bae et al., 2019). In contrast, GH (Wideman et 
al., 2002) and total osteocalcin (Smith et al., 2021) increase following acute exercise were 
lower in older adults compared with young or middle-aged adults. Furthermore, in the 
process of aging, persons gradually progress into a more pro-inflammatory state. For 
example, the pro-inflammatory cytokine IL-1β was found to be increased in old rats, and 
the concentration of dentate gyrus IL-1β was inversely related to the level of hippocampal 
LTP measured in vivo (Murray and Lynch, 1998). From a mechanistic perspective, chronic 
inflammation was found to damage neurons and impair neurotrophic factor signaling 
(Cotman et al., 2007; Bourgognon and Cavanagh, 2020; Scheiblich et al., 2020). Of note, 
older adults may also be more vulnerable to the pro-inflammatory effects of acute high-
intense physical exercise. For example, Trepci et al. (2020) found increased levels of the 
inflammatory marker kynurenine 60 min after acute sprint interval exercise in old but 
not in young healthy human subjects (Trepci et al., 2020).

Fifth, gender differences may influence the effect of physical exercise. As with aging, 
also gender may influence the baseline levels of certain exerkines. As a result, significant 
pre-to-post physical exercise changes are more easily found in the gender with the 
lowest baseline levels (Glud et al., 2019). This was reported for BDNF (Dinoff et al., 2017); 
baseline BDNF levels were found to be influenced by estrogen levels, with women having 
higher basal serum BDNF levels than men (Harte-Hargrove et al., 2013; Dong et al., 2017; 
Glud et al., 2019). In addition, we found studies reporting higher acute exercise-induced 
increases of BDNF (Dinoff et al., 2017) and total osteocalcin (Smith et al., 2021) in men 
and higher chronic resistance exercise-induced increases of IGF-1 in women (Jiang et al., 
2020; Ye et al., 2020; Amiri et al., 2021). It is remarkable to note that the majority of studies 
were conducted using male human subjects or animals. Therefore, while some studies 
reported gender-related differences in exerkine responses following physical exercise, 
gender-related differences are unknown for most of them.

Sixth, it was reported that if the physical exercise intervention induced weight loss, the 
circulating levels of irisin (Cosio et al., 2021), adiponectin (Bouassida et al., 2010; Christiansen 
et al., 2010; Kelly et al., 2014), and ghrelin (Leidy et al., 2004; Foster-Schubert et al., 2005; 
Scheid et al., 2011) increased, while apelin levels of obese women decreased in association 
with significant weight loss (Sheibani et al., 2012; Jang et al., 2019). However, decreases in 
apelin levels were more consistently associated with the improvements in insulin sensitivity 
caused by physical exercise (Krist et al., 2013; Bertrand et al., 2015; Delavar and Heidarianpour, 
2016; Otero-Díaz et al., 2018; Kolahdouzi et al., 2019; Nam et al., 2020). More specifically, it 
is thought that adipocyte-derived apelin is positively associated with insulin resistance 
(Boucher et al., 2005; Yang et al., 2015). It remains unclear if the muscle-derived isoform 
of apelin would also be responsive to changes in insulin sensitivity. Glucose metabolism 
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also plays a role in the release of BHB, with higher levels of BHB found following acute 
exercise sessions that cause hypoglycemia and long physical exercise sessions without 
carbohydrate supplementation (Nybo et al., 2003), or in chronic exercise in association with 
low calorie diet (Jo et al., 2019; Vieira et al., 2021). Importantly, diabetes mellitus and obesity 
are both also associated with a pro-inflammatory state (Yudkin, 2007; Woods et al., 2012; 
Pedersen, 2017) which may affect LTP (Murray and Lynch, 1998; Sun et al., 2017; Bourgognon 
and Cavanagh, 2020). Furthermore, these cardiovascular risk profiles were linked with 
cognitive decline (Jefferson et al., 2015; Viticchi et al., 2015; Chatterjee et al., 2016) and with 
structural brain alterations (Cox et al., 2019). Future studies should address whether the 
cognitive decline in persons with obesity, diabetes mellitus or other cardiovascular risk 
factors is related to impairments in LTP and the extent by which LTP is compromised by 
elevated levels of pro-inflammatory cytokines.

5. Future directions

We reviewed a total of 16 different exerkines that were linked to the LTP process. However, 
the number of myokines currently discovered alone exceeds 600 (Görgens et al., 2015). 
Researchers should keep exploring the specific bioactivity of exerkines on body systems. 
Especially, their effect on the central nervous system remains largely undescribed. 
Unfortunately, technical issues limit the investigation of exerkine effects on the human 
brain. Only some exerkines can be measured in humans with noninvasive techniques such 
as 1H-MRS, e.g., lactate and BHB (Dacko and Lange, 2019). Invasive alternatives that may 
be used in patient groups, but are not commonly used in research, are cerebrospinal fluid 
measurements (e.g., Steensberg et al., 2006; Isung et al., 2021) and carotid artery versus 
jugular vein differences (e.g., Ide et al., 1999; 2000). Hence, most evidence for exerkine 
changes in the brain arises from animal studies. However, most studies included in this 
review, which examined the effect of exerkines on LTP, did not measure the physical 
exercise-induced elevation, but administered the exerkine in vitro on brain slices or by 
the use of intravenous injections. More clinical and preclinical (physical exercise) research 
is needed to increase understanding of the effects that exerkines have on the brain and 
LTP activity. In addition to the exerkines presented in this review, other review papers 
have presented exerkines that are worth further investigation, as their effect on the LTP 
process is currently unclear (Woodbury and Ikezu, 2014; Morland et al., 2017; Pedersen, 
2019; Autio et al., 2020; Kwon et al., 2020; Scheffer and Latini, 2020).

There is a relatively lower amount of studies examining resistance exercise effects 
compared with cardiovascular exercise effects. For example, in rodent studies, which are 
crucial to increase insight into the neurophysiological pathways that are modulated by 
physical exercise or exerkines, the resistance exercise protocol (most often weighted ladder 
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climbing) is much less used than the cardiovascular exercise protocol (i.e., treadmill running). 
More specifically, we found only two studies that examined brain exerkine levels after acute 
resistance exercise (Fernandes et al., 2016; Kelty et al., 2019). In addition, studies comparing 
resistance and cardiovascular protocols are needed to make final decisions on differences 
between cardiovascular and resistance exercise effects. These studies comparing both 
protocols are scarce, e.g., Tang et al. (2017), Joisten et al. (2020), Tsuchiya et al. (2015), Davis et 
al. (2015), Lester et al. (2009). Also, only for some exerkines there are sufficient high-quality 
studies to make valuable comparisons in meta-analytic studies, like for BDNF (Dinoff et al., 
2016, 2017), IGF-1 (de Alcantara Borba et al., 2020; Gulick et al., 2020; Jiang et al., 2020; Ye et al., 
2020; Amiri et al., 2021), and osteocalcin (Rahimi et al., 2021). But again, the reason for this is the 
limited number of studies using resistance exercise protocols. In sum, we need more clinical 
and preclinical research to focus on the effect of exerkines following resistance exercise on 
cognitive improvements and changes in LTP activity. Especially as more and more evidence 
suggests that resistance exercise might be the preferred physical exercise mode to boost 
certain of the exerkines (Tsuchiya et al., 2015; Kim et al., 2019; Marinus et al., 2019; de Alcantara 
Borba et al., 2020; Gulick et al., 2020; Jiang et al., 2020).

This review did not focus on specific disorders that may cause acute or progressive 
deficits in cognitive function, such as neurodegenerative disorders, stroke, or traumatic 
brain injury. Yet, more insight into the effect of physical exercise in these specific cases 
would be of value for rehabilitation practitioners. In addition, certain exerkines may 
benefit specific domains of cognitive function. This was not discussed in this review, as we 
focused specifically on the alteration of LTP-related pathways. The combined evaluation 
of which physical exercise protocol would be most optimal to target specific exerkines 
and the evaluation of which exerkine could benefit a specific cognitive function may 
direct researchers towards the design of individualized physical exercise programs that 
can be implemented as a treatment strategy. Due to the large heterogeneity in possible 
physical exercise protocols, many more studies will be needed before such physical 
exercise treatment can be designed. For example, physical exercise characteristics that 
should be considered are intensity, duration, frequency, and the amount or size of the 
muscles used. Also physical exercise type can be further divided into specific sports. While 
running might be only slightly different from cycling, bigger differences can be expected 
when using hybrid forms of physical exercise between cardiovascular and resistance 
training, like elastic band exercises (Kwak et al., 2021), or types of physical exercise that 
require memorizing movement patterns like dancing (Kimura and Hozumi, 2012) or Tai 
Chi (Wayne et al., 2014), or a combination of physical and cognitive training (Netz, 2019). 
At last, increasing insight on the effects of exerkines on our body may lead to the design 
of pharmacological pills containing exerkines to mimic the effects of physical exercise. 
This may be especially useful in those unable to perform physical exercise at a sufficient 
duration and intensity, as recently reviewed by Gubert and Hannan (2021).
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6. Summary

We reviewed physical exercise-induced circulating factors (i.e., exerkines) and their effect 
on LTP-related pathways (Fig. 2). For each of these exerkines we assessed the physical 
exercise and subject characteristics that influence the alterations of exerkine levels in the 
circulation and the brain following acute or chronic, cardiovascular or resistance exercise 
(Table 1). By combining and structuring evidence from a large and rapidly increasing 
amount of research, this review summarizes what is already sufficiently known and where 
research is limited. This knowledge may serve to guide researchers towards designing 
an individualized physical exercise treatment to improve cognitive health. The beneficial 
effect of physical exercise on cognitive function is only one of the many reasons to 
promote physical activity for people of all ages, especially in adults with cognitive decline. 
This is very important in a society that faces the prospect of an aging population.
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CHAPTER 2
Myokines as mediators of 
exercise-induced cognitive 
changes in older adults: 
a protocol for a comprehensive 
living systematic review and 
meta-analysis



Abstract

Background: The world’s population is aging, but life expectancy has risen more than 
healthy life expectancy (HALE). With respect to brain and cognition, the prevalence of 
neurodegenerative disorders increases with age, affecting health and quality of life, 
and imposing significant healthcare costs. Although the effects of physical exercise on 
cognition in advanced age have been widely explored, in-depth fundamental knowledge 
of the underlying mechanisms of the exercise-induced cognitive improvements is lacking. 
Recent research suggests that myokines, factors released into the blood circulation 
by contracting skeletal muscle, may play a role in mediating the beneficial effect of 
exercise on cognition. Our goal in this ongoing (living) review is to continuously map 
the rapidly accumulating knowledge on pathways between acute or chronic exercise-
induced myokines and cognitive domains enhanced by exercise.

Method: Randomized controlled studies will be systematically collected at baseline and 
every six months for at least five years. Literature search will be performed online in 
Pubmed, EMBASE, PsycINFO, WebOfScience, SportDiscus, LILACS, IBECS, CINAHL, SCOPUS, 
ICTRP and ClinicalTrials.gov. Risk of bias will be assessed using the Revised Cochrane 
Risk of Bias Tool (ROB2). A random effects meta-analysis with mediation analysis using 
Meta-Analytic Structural Equation Modeling (MASEM) will be performed. The primary 
research question is to what extent exercise-induced myokines serve as mediators of 
cognitive function. Secondarily, the pooled effect size of specific exercise characteristics 
(e.g. mode of exercise) or specific older adults’ populations (e.g. cognitively impaired) on 
the relationship between exercise, myokines and cognition will be assessed. The review 
protocol was registered in PROSPERO (CRD42023416996).

Discussion: Understanding the triad relationship between exercise, myokines and 
cognition will expand the knowledge on multiple integrated network systems 
communicating between skeletal muscles and other organs such as the brain, thus 
mediating the beneficial effects of exercise on health and performance. It may also 
have practical implications, e.g. if a certain myokine is found to be a mediator between 
exercise and cognition, the optimal exercise characteristics for inducing this myokine 
can be prescribed. The living review is expected to improve our state of knowledge 
and refine exercise regimes for enhancing cognitive functioning in diverse older adults’ 
populations.
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Abbreviations

ANGPTL4, angiopoietin-like 4; BAIBA, β-Aminoisobutyric acid; BDNF, brain-derived 
neurotrophic factor; BMP, bone morphogenetic factor; CFQ, Cognitive failures 
questionnaire; CTSB, Cathepsin-B; eCOST, European Cooperation in Science and 
Technology; FGF, Fibroblast growth factor; FKN, fractalkine; FNDC5, Fibronectin type III 
domain-containing protein 5; GDF-15, growth differentiation factor 15; GH, growth hormone; 
GRADE, Grading of Recommendations Assessment, Development and Evaluation; HALE, 
healthy life expectancy; IGF-1, insulin-like growth factor-1; IL-6, interleukin-6; LIF, Leukemia 
Inhibitory Factor; MASEM, meta-analytic structural equation modeling; MCP1, Monocyte 
chemoattractant protein 1; MET, metabolic equivalents; Metrnl, meteorin-like protein; 
MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; PRISMA-P, 
Preferred Reporting Items for Systematic Review and Meta-analysis Protocols; SDF1, 
stromal-derived factor 1; SDMs, standardized mean differences; VEGF, vascular endothelial 
growth factor.

1. Background

1.1 Rationale
Since 1800, life expectancy has increased threefold, rising from 28.5 years to 73.3 years in 
2019, with a further increase of 6.6 years in the last 20 years alone, rising from 66.8 years 
in 2000 to 73.4 years in 2019. However, healthy life expectancy (HALE), which measures the 
average number of years a person can expect to live in good health, has only increased 
by 5.4 years in the last two decades, from 58.3 years in 2000 to 63.7 years in 2019 (World 
Health Organization (WHO), accessed April 7, 2023). With respect to the brain and cognition, 
advancing age is the main risk factor for neurodegeneration and cognitive decline (Hou et 
al., 2019). However, in the last 20 years, dementia prevalence has increased faster than one 
could explain from the increased proportion of older adults in our society alone (Mattiuzzi 
and Lippi, 2020; Davis et al., 2022), and is prospected almost to triple from 2019 to 2050 
(Nichols et al., 2022). This highlights that the issue of a rising number of older adults 
with cognitive impairment extends beyond the problem of an aging society and suggests 
an increasing role of other risk factors related to dementia. For example, the prevalence 
of sedentary behavior, a known risk factor of cognitive decline and dementia has also 
increased in the last 20 years (López-Valenciano et al., 2020; Livingston et al., 2020). 
Sedentary behavior is characterized by an energy expenditure ≤1.5 metabolic equivalents 
(METs), while in a sitting, reclining or lying posture, and it is distinctly different from 
physical inactivity defined as insufficient physical activity level to meet physical activity 
recommendations (Tremblay et al., 2017). It has been shown that older adults spend on 
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average 80% of their time in a seated posture and with 67% being sedentary for more than 
8.5 hours per day (Chastin et al., 2021). The repercussions of age-related cognitive decline 
are far-reaching, affecting not only the individual, but also their family and society as a 
whole. Cognitive decline has a substantial impact on an individual’s quality of life (Bárrios 
et al., 2013). Moreover, caring for cognitively impaired individuals can be particularly 
stressful for family caregivers and health care professionals (Kasper, 1990). Furthermore, 
cognitive decline is the largest contributor of societal, health care system and personal 
costs related to limitations in functional independence in community dwelling older 
adults (Falck et al., 2022).

The effects of physical activity on cognition and brain health among the rapidly 
growing older population have been widely researched and the benefits are well-
documented (e.g. Zhao et al., 2022). The literature usually distinguishes between physical 
activity and exercise, whereby physical activity refers to any bodily movement that is 
produced by the skeletal muscles and that increases energy expenditure compared to 
resting. The term exercise, a subcategory of physical activity, refers to planned, structured, 
and repetitive physical activity, and is more specifically designed to improve certain fitness 
components, such as cardiorespiratory fitness, flexibility, balance, coordination, strength, 
and/or power (Bangsbo et al., 2019). Importantly, the effect of exercise on cognition has 
been reported in healthy older adults (e.g. see review Falck et al., 2019), older adults with 
mild cognitive impairment (Tam et al., 2022), and older adults with dementia (Zhang et al., 
2022). Specifically, physical activity has been shown to have positive effects on executive 
functions (Chen et al., 2020), information processing speed (Lin et al., 2021), cognitive 
inhibition (Boucard et al., 2012), cognitive flexibility (Lerche et al., 2018), memory (Wu et 
al., 2021) and visuospatial ability (Nemoto et al., 2020). Even a single session of exercise 
(i.e., acute exercise) can transiently improve performance in various cognitive domains 
(Griebler et al., 2022; Levin et al., 2021). Studies investigating different modes (aerobic, 
resistance, balance, exergames, coordination, etc.) or doses of exercise (intensities, 
durations or number of sessions per week) generally conclude that all are effective (e.g. 
Borde et al., 2015; Levin et al., 2017; Netz, 2019; Gallardo-Gómez et al., 2022).

Neuroimaging techniques developed along the years employed for examining the 
relationship between brain health, cognition and exercise have significantly expanded the 
understanding of the effect of chronic exercise (e.g. MRI - Erickson et al., 2011; fMRI - Chen 
et al., 2019; fNIRS – Eggenberger et al., 2016; EEG - Schättin et al., 2016; PET – Jonasson et 
al., 2019; 1H-MRS - Sheoran et al., 2023), as well as acute exercise on brain health and 
cognition (e.g. Hsieh et al., 2018; Callow et al., 2021).

However, in-depth knowledge of the underlying mechanisms of the exercise-
induced cognitive improvements is still incomplete (Pedersen, 2019; Liang et al., 2022; 
Vints et al., 2022b). Furthermore, the knowledge on the effect of physical activity on 
multiple organ systems is limited (Hawley et al., 2014; Sanford et al., 2020). The increased 
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metabolic activity produced by contracting skeletal muscles elicits a challenge to the 
whole-body homeostasis, generating a distress in numerous cells, tissues and organs. To 
meet this challenge, multiple integrated networks are operated, communicating between 
the muscles and the other organs, thus mediating the beneficial effects of exercise on 
health and performance (Hawley et al., 2014). The dynamics of these multiple complex 
communication pathways is not yet understood. Interestingly, a recently established 
comprehensive USA National Institute of Health (NIH) project, aiming to map the molecular 
transducers involved in response to both acute and chronic exercise, has declared that 
“Exercise provides a robust physiological stimulus that evokes cross-talk among multiple 
tissues that when repeated regularly improves physiological capacity, benefits numerous 
organ systems, and decreases the risk for premature mortality” (Sanford et al., 2020).

In the last few years, research on the effect of exercise on cognition is focusing 
on the cross-talk between bioactive substances released by physical exercise (called 
“exerkines”) and the brain (e.g. Liang et al., 2022; Vints et al., 2022b). Exerkines enable 
beneficial crosstalk between various systems, organs, and tissues, including regulation of 
metabolism and inflammatory responses, exertion of protective effects within the central 
nervous system, and enhancement of cognitive function (Liang et al., 2022).

Skeletal muscle mass comprises one of the most prevalent tissues in the human body, 
accounting for approximately 40% of the total body weight (Frontera and Ochala, 2015). 
Besides regulating various homeostatic processes, recent findings indicate that muscle-
derived exerkines play an important role in mediating changes in cognitive function in 
response to physical exercise (Scisciola et al., 2021; Oudbier et al., 2022; Vints et al., 2022b). 
Muscle-derived signaling molecules can target the central nervous system (Onyango 
et al., 2021; Pedersen, 2019), eliciting responses from neurons and glial cells. In 2003, the 
first muscle-derived exerkine, the cytokine interleukin-6 (IL-6), was discovered and named 
“myokine” (Pedersen et al., 2003). Since then, more muscle-derived proteins were found, 
identifying skeletal muscle as an endocrine organ, and broadening the term myokine to “all 
cytokines and other peptides produced, expressed, and released by muscle fibers that exert 
paracrine, autocrine, or endocrine effects (Pedersen and Febbraio, 2008). Also lactate, who 
has long be categorized as a myometabolite instead of a myokine, is now referred to as a 
myokine due to its endocrine effects (Brooks et al., 2023). In addition, the enzyme kynurenine 
aminotransferase, which is expressed by skeletal muscle, and kynurenine-derived metabolites 
have been called myokines, although kynurenine itself is produced by the liver (Rai and 
Demontis, 2022). By now, research has identified over 600 myokines (Görgens et al., 2015). 
However, their specific bioactivity remains largely undescribed and poorly understood (Lee 
and Jun, 2019) and most of the myokines likely exert paracrine, not endocrine effects (Weigert 
et al., 2014). However, some myokines cross the blood-brain barrier and signal directly to brain 
cells, while others activate specific signaling cascades from outside the brain exerting an 
indirect effect on the brain. Whether direct or indirect, myokines have been shown to facilitate 



114

Chapter 2

the cross-talk between muscle and brain, indicating that they may mediate a muscle-brain 
endocrine loop (Chen et al., 2021). Hence, many studies have investigated the function of 
myokines secreted following acute or chronic exercise to better understand how exercise 
affects cognition. Overall, most work has been done with aerobic type of exercise, while 
other exercise modes such as resistance exercise, mind-body exercise or multimodal exercise 
also induce the release of myokines (Solianik et al., 2022; Parada-Sánchez et al., 2022; Vints 
et al., 2022b). Moreover, clinical evidence indicates that older adults with sarcopenia (a loss 
of muscle strength and muscle mass and/or physical performance (Cruz-Jentoft et al., 2019)) 
suffer cognitive impairment (Cipolli et al., 2019; Ramoo et al., 2022) and this is suggested to be 
linked to myokine levels (Scisciola et al., 2021; Oudbier et al., 2022). Therefore, understanding 
the association between muscle-derived signaling factors and cognition may be a promising 
avenue for interventions aimed at promoting healthy aging.

1.2 What myokines are known to impact cognitive function ?
Over 1125 putative myokines have been described in human secretome or transcriptome 
studies (see section 2.1.5; for a full list, see Appendix C) and more myokines may be 
discovered in the next years. Several of these myokines have been identified as potential 
mediators of exercise-induced cognitive function changes. While some of these myokines 
are commonly examined in human exercise-cognition studies, others are promising 
candidates that have only been studied in animal or in-vitro studies (see reviews of 
Piccirillo, 2019; Rai and Demontis, 2022; Vints et al., 2022b).

Here, we introduce some of the myokines that have most frequently been linked 
to cognition, including: brain-derived neurotrophic factor (BDNF), Fibronectin type III 
domain-containing protein 5 (FNDC5)/Irisin, Cathepsin B (CTSB), insulin-like growth 
factor-1 (IGF1), interleukin-6 (IL6), and L-Lactate (Scisciola et al., 2021). For a review paper, 
which describes the molecular signaling pathways related to neuroplastic processes of 
these myokines and other exerkines, see Vints et al. (2022b). Within the living meta-
analysis, we will assess if there exists evidence for a role of any of the more than 1125 
putative myokines in the exercise-cognition relationship.

The neurotrophin known as BDNF is reported to have a predominant role in 
neuronal growth, repair, and regeneration (Huang and Reichardt, 2001; Hultman et al., 
2014; McGregor and English, 2019). There is reliable evidence that both acute and regular 
exercise significantly affect BDNF levels in diseased and healthy populations (Szuhany et 
al., 2015). Several studies have reported that a possible mechanism underlying improved 
cognitive function following exercise may partly be related to muscle-derived BDNF (Huang 
et al., 2021). Considering that higher BDNF levels positively affect hippocampal functioning 
and verbal/episodic/spatial memory (Mizuno et al., 2000; Vaynman et al., 2004; Grassi-
Oliveira et al., 2008; Canivet et al., 2015), exercise has been seen as a potential candidate 
for increasing BDNF signaling to improve cognition. Following exercise, BDNF levels have 
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been shown to increase both in the brain (Seifert et al., 2010), and in muscle (Matthews et 
al., 2009). Both may lead to increased BDNF levels in the peripheral circulation (Máderová 
et al., 2019; Huang et al., 2021), as BDNF is reported to cross the blood-brain barrier bi-
directionally (Pan et al., 1998). Hence, further research is needed to understand the source 
of BDNF associated with improved cognition. Indeed, the effect may arise from other 
myokines that induce brain-derived BDNF following exercise, such as irisin and CTSB.

Irisin is produced from proteolytic cleavage of PGC-1α transmembrane precursor 
FNDC5 and upregulated following exercise in the skeletal muscle and hippocampal 
neurons. FNDC5/irisin crosses the blood-brain barrier (Wrann et al., 2013; Islam et al., 
2021) and induces the expression of BDNF centrally, thereby participating in improved 
cognition (Boström et al., 2012). Moreover, irisin deficiency inhibits cognitive performance 
in exercise and aging (Wrann et al., 2013).

CTSB was demonstrated to increase in the blood circulation after exercise, cross the 
blood-brain barrier and induce the hippocampal expression of BDNF, accompanied by 
spatial memory improvement (Moon et al., 2016). Although few studies on the relationship 
between exercise, CTSB, and cognitive performance have yielded controversial results, 
increased CTSB and improved cognitive performance have been reported following 
exercise (Gaitán et al., 2021; Micielska et al., 2021), implicating CTSB as a mediator of the 
cognitive effects of exercise.

IGF-1, similar to BDNF, is a multifunctional peptide associated with neural 
development, neurogenesis, synaptogenesis (D’Ercole et al., 2002; Cheng et al., 2003; Guan 
et al., 2003), and has neuroprotective effects following nerve injury. Carro et al. (2000) 
demonstrated that IGF-1 crosses the blood-brain barrier, in turn, regulates hippocampal 
BDNF expression (see also Vints et al. (2022b). In humans, physical activity causes a rapid 
increase in peripheral IGF-1 levels (Berg and Bang, 2004; Gulick et al., 2020). Additionally, 
chronic exercise has been associated with increased peripheral IGF-1 levels modulated by 
age and gender effects (Jiang et al., 2020). Studies focusing on the relationship between 
exercise, IGF-1 and cognition have demonstrated that exercise improves circulating IGF-1 
and cognition, depending on exercise type, duration, and gender (Stein et al., 2018).

IL-6 increases dramatically in response to exercise (Pedersen and Fischer, 2007). In 
muscle cells, the IL-6 gene remains silent in rest but is activated by muscle contraction 
(Pedersen et al., 2003). IL-6 can cross the blood-brain barrier (Banks et al., 1994), indicating 
that muscle-derived IL-6 may affect the brain. IL-6 levels were related to neurometabolic 
changes reflecting neurodegenerative processes (Vints et al., 2022a). Acute exercise 
increases peripheral IL-6 (Kuhne et al., 2023), whereas chronic exercise decreases IL-6 
levels and improves cognition (Alghadir et al., 2021; Qi et al., 2021). However, due to 
IL-6 activating pro-inflammatory and anti-inflammatory processes depending on the 
condition, further research is needed to improve understanding of the exercise-induced 
neuroinflammation pathway.
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L-lactate is the end product of glycolysis, released from many tissues, including 
skeletal muscle, acting as a signaling molecule in the brain. It plays a role in learning 
and memory (Suzuki et al., 2011), adult hippocampal neurogenesis (Lev-Vachnish et 
al., 2019), and modifies neuron excitability (Sada et al., 2015). Following exercise, 
lactate levels increase in the peripheral circulation and in the hippocampus (Ide et 
al., 2000). El Hayek et al. (2019) demonstrated that exercise-induced peripheral lactate 
crosses the blood-brain barrier, and promotes hippocampal BDNF expression, thereby 
improving learning and memory. Furthermore, lactate can serve as a precursor for 
glutamate, an excitatory neurotransmitter which is also critical for learning processes 
(Maddock et al., 2016).

1.3 Objectives
Our goal in this review is to map the possible pathways between exercise-induced 
myokines and specific cognitive domains enhanced by exercise. By doing so, we aim to 
contribute to the understanding of the molecular transducers involved in response to 
both acute and chronic exercise. Specifically, our primary research question is whether 
exercise-induced myokines serve as mediators of cognitive function in older adults.

Additional sub-questions are:
1.  What specific cognitive components are associated with exercise-induced changes 

in myokine levels?
2.  What specific myokines are associated with exercise-induced changes in cognition?
3.  To what extent do exercise characteristics (i.e., type of exercise, intensity of exercise 

intervention duration, frequency of exercise bouts per week, exercise session length) 
moderate the effect of exercise on myokine levels in exercise-cognition studies?

4.  To what extent do participant characteristics (i.e., cognitive health, age, sex, body 
mass index (BMI), educational level, physical fitness level, and comorbidities) 
moderate the effect of exercise on myokine levels in exercise-cognition studies?

5.  Which of the studied myokines can be considered as mediators of cognition and to 
what extent do different myokines affect different cognitive components?

Our search in PubMed (without applying filters, see Appendix B) revealed that this topic 
is relatively new, but rapidly growing. Before 2002, less than 100 articles were published 
per year on this topic, whereas since 2020, more than 600 articles are being published 
annually. Considering the rapid pace at which new evidence is being generated, we intend 
to conduct this review as a living review.

A living review is continually updated in a predetermined period, incorporating relevant 
new evidence as it becomes available, and is particularly important in fields where research 
evidence is emerging rapidly, current evidence is uncertain, and new research may change 
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policy or practice decisions (Elliott et al., 2017). This new evidence synthesis method is being 
trialed as one of the outcome products of PhysAgeNet, a European Cooperation in Science 
and Technology (eCOST) network (https://www.cost.eu/actions/CA20104/). PhysAgeNet aims 
to develop and sustain an international knowledge community about physical exercise at an 
older age. We plan to update our living systematic search every six months, for a minimal 
period of five years.

2. Methods and Analysis

We plan to carry out the living systematic review with meta-analysis in the second half of 
the year 2023. The methods of this systematic review with meta-analysis were registered 
in the International Prospective Register of Systematic Reviews database (PROSPERO) on 
the 24th of April, 2023 (registration number CRD42023416996).

Prior to starting this project, we searched PubMed, PROSPERO and Cochrane 
Central Register of Controlled Trials (CENTRAL) to confirm that no systematic reviews or 
meta-analyses with the same research questions had recently been published or were 
currently being conducted. The protocol of this systematic review and meta-analysis is in 
accordance with the Preferred Reporting Items for Systematic Review and Meta-analysis 
Protocols (PRISMA-P) guidelines (Shamseer et al., 2015). A PRISMA-P checklist (Moher et 
al., 2016) is added, see Appendix A.

2.1 Eligibility criteria
Studies will be selected according to the criteria outlined below.

2.1.1 Study designs
To ensure the highest quality of evidence, we will only include randomized controlled 
trials and exclude non-randomized controlled trials, cross-over studies, or studies that 
lack pre-to-post exercise comparisons such as case-control studies, or those that do 
not include a control group, such as longitudinal studies, case reports or case series. 
Additionally, we will also exclude guidelines and expert opinions.

We will conduct a search for review papers and gray literature, which include article 
synopses, unpublished studies such as PhD theses or master theses, conference abstracts, 
and trial registrations. We will evaluate these sources to determine whether they lead 
to additional randomized controlled trials that meet our inclusion criteria. In case gray 
literature is retrieved as potentially eligible, we will contact the authors of this literature 
to request any associated peer-reviewed publications or published data.
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2.1.2 Participants
Studies with participants aged 50 years or older with a mean age of 60 years or above 
will be included, regardless of their health status. Participants may have existing medical 
conditions or be in good health. Animal studies will be excluded.

2.1.3 Interventions
We will include interventions described as a single bout (acute) or multiple bouts 
(chronic) of voluntary exercise. We define voluntary exercise as a planned or structured 
bodily movement done to improve or maintain one or more components of physical 
fitness (based on the definition of the American College of Sports Medicine, 2001 (Jakicic 
et al., 2001)). Examples are: cardiorespiratory endurance exercise, high-intensity interval 
training, resistance exercise, mind-body exercises, balance training, multicomponent 
exercise, or other specific exercises that do not fit in any of these categories.

We will exclude exercise interventions that do not include a voluntary component 
(e.g., electrical stimulation, whole-body vibration) or involve solely passive muscle 
fiber movement (e.g., stretching, manipulations). Additionally, we will exclude exercise 
interventions that involve a component of cognitive training (e.g. dual task training) or 
the addition of a nutritional intervention. Finally, we will exclude routine daily activities 
or occupational tasks that do not meet the definition of exercise based on the American 
College of Sports Medicine (2001) (Jakicic et al., 2001).

2.1.4 Comparators
Only studies with a control group will be included. The following control groups are 
eligible for inclusion: passive controls (e.g., waitlist), treatment as usual, active non-
exercise controls (stretching, puzzle, computer games not targeting specific cognitive 
functions, non-exercise recreational activities), non-active non-therapeutic activities 
(e.g., health education, non-exercise recreational activities). We will exclude studies that 
solely compare two exercise interventions, including all exercise interventions listed as 
possibly included interventions in section 2.1.3, without another control group. Studies 
that use cognitive training or dual tasking interventions as a control condition will also 
be excluded.

2.1.5 Outcomes
Our main outcome is the mediation effect of exercise-induced myokine level changes on 
exercise-induced cognitive function changes in older adults. To be eligible for inclusion, 
studies must report both the myokine and the cognition outcomes.

A total of 1126 secretory proteins, identified as putative myokines, by definition 
secreted by skeletal muscle and exerting a biological function in a paracrine or endocrine 
fashion (Whitham and Febbraio, 2016), have been compiled from existing literature. A 
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comprehensive list, along with corresponding references, can be found in Appendix C. The 
primary sources for this compilation of myokines include proteomic analysis, secretome 
analysis and mRNA sequencing studies on human skeletal muscle (Bortoluzzi et al., 2006; 
Hittel et al., 2009; Norheim et al., 2011; Le Bihan et al., 2012; Raschke et al., 2013; Scheler 
et al., 2013; Catoire et al., 2014; Hartwig et al., 2014; Pourteymour et al., 2017), some of 
which specifically studied myokines that are elevated in response to exercise or muscle 
contraction (Norheim et al., 2011; Raschke et al., 2013; Scheler et al., 2013; Catoire et 
al., 2014; Pourteymour et al., 2017) and review papers (Engler, 2007; Catoire and Kersten, 
2015; Görgens et al., 2015; Kwon et al., 2020; Rai and Demontis, 2022). Notably, lactate 
and beta-aminoisobutyric acid (BAIBA), categorized most often as myometabolites, but 
recently also as myokines due to their endocrine effects will also be included (Catoire and 
Kersten, 2015; Brooks et al., 2023). Additionally, the enzyme kynurenine aminotransferase 
and kynurenine-derived metabolites have also been referred to as myokines, despite 
kynurenine itself being produced by the liver, while kynurenine aminotransferase is found 
on muscle cells (Rai and Demontis, 2022). By employing this inclusive approach, our 
objective is to generate a comprehensive list of myokines that may potentially impact 
cognitive function in older adults. However, it is important to acknowledge that for 
the majority of these putative myokines limited research has been conducted on the 
exercise-cognition context specifically. Moreover, there exists a lack of comprehensive 
understanding regarding the biological effects of most discovered putative myokines in 
general (Lee and Jun, 2019), and most of the myokines likely exert paracrine, not endocrine 
effects (Weigert et al., 2014). Consequently, we anticipate that our systematic search will 
likely yield only a concise compilation of myokines relevant to the exercise-cognition 
field, considering the current state of knowledge. It should be noted that the included 
putative myokines are allowed to be also released partly from other organs, as long as 
part of the exercise-induced changes (increase or decrease) in levels in the bloodstream 
is caused by pathways activated in skeletal muscle tissue. We will exclude myokines that 
are not released from muscle tissue, even if they have a known effect on the brain, such as 
growth hormone (GH), Orexin-A, or Ghrelin (see review paper of Vints et al. (2022b) where 
a schematic overview of exerkines with known effects on neuroplasticity in aerobic and 
resistance exercise is described). Myokine levels measured in total blood, blood serum, 
blood plasma or cerebrospinal fluid will be included.

Concerning cognition, we will include intrinsic capacity domains that are particularly 
vulnerable in older age (fluid cognitive functions, as opposed to crystallized intelligence) 
based on the Cattell-Horn-Caroll-Miyake taxonomy of cognitive domains (Webb et al., 
2018).

The cognitive domains include fluid reasoning ( e.g. Raven’s progressive matrices), 
long-term memory (e.g. Rey Auditory Verbal Learning test), short-term memory ( e.g. 
Complex span tasks, Digit span backwards), executive functions ( e.g. N-back, Dual-tasking, 
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Stroop test), processing speed (e.g. Digit symbol substitution task, Choice reaction time), 
visual processing ( e.g. Visual search), global cognitive functioning (e.g. Mini-Mental State 
Examination (MMSE), Montreal Cognitive Assessment (MoCA), Cognitive failures questionnaire 
(CFQ)). Cognitive measures will include response time (of all or only the correct answers), 
throughput (of all or only the correct answers), performance index (100×[accuracy/response 
time]), accuracy (number or % correct answers), or specific test scores.

2.1.6 Timing of outcome assessments after end of intervention
Concerning the timing of post-exercise assessment, it is critical to distinguish between 
acute and chronic exercise effects. Any measurement immediately after a single bout 
of exercise, (irrespective of the time period since the last exercise bout), is generally 
considered an acute exercise effect. However, in order to measure chronic exercise effects 
after multiple bouts of exercise, it is advised to measure the outcome more than 24 
hours, but preferably more than 48 hours after the last exercise session (Vints et al., 
2022b). If outcome assessments were conducted less than or equal to 24 hours after 
the last exercise bout of an intervention consisting of multiple exercise bouts, we will 
consider them acute exercise effects in trained individuals. If outcome assessments were 
conducted more than 24 hours after exercise, we will consider them chronic exercise 
effects. The timing of the outcome assessment will not be a criterion for inclusion of a 
study, but the information will be extracted, and the decision whether it is considered 
acute or chronic effect, will be taken accordingly.

2.1.7 Setting
Included studies will not be restricted to a specific type of setting. Expected settings 
include community settings (e.g., day care centers, universities, workplace), clinical 
settings (e.g. hospitals, psychiatric institutions) and home settings (e.g., people’s own 
home, nursing homes, care homes).

2.1.8 Language
We will only include articles written in the English language.

2.2 Information sources
The authors (Wouter Vints, and Ioanna Zorba (Zormpa) - information specialist) will search 
in PubMed, EMBASE (through Elsevier), PsycInfo (through EBSCO), all databases of Web 
of Science (excluding MEDLINE), SportDiscus (through EBSCO), LILACS (accessed through 
Portal Regional da BVS), IBECS (accessed through Portal Regional da BVS), CINAHL (through 
EBSCO), SCOPUS (Elsevier), International Clinical Trials Registry Platform (ICTRP) accessed 
through CENTRAL, and ClinicalTrials.gov (CT.gov) accessed through CENTRAL. None of the 
databases will be restricted by date. The searches will be re-run prior to the final analysis.
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Table 1. Details of limitations and filters per database

Database Limitations/Filters

PubMed Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: Randomized Controlled Trial, Humans, English, 
exclude preprints, Middle Aged OR Aged: 45+ years

Embase Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: Randomized Controlled Trial, Human, Aged OR 
Middle Aged OR Very Elderly

SportDiscus Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: English

PsycInfo Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: English, Population Group: Human, exclude 
dissertations, Age Groups: Middle Age (40-64 yrs) OR Aged (65 yrs & 
older) OR Very Old (85 yrs & older)

LILACS Free terms were searched in the fields of title, abstract and subject
Limitations/Filters: English

IBECS Free terms were searched in the fields of title, abstract and subject
Limitations/Filters: English

Scopus Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: Randomized Controlled Trial, English

CINAHL Free terms were searched in the fields of title, abstract and topic
Limitations/Filters: English, Human, exclude MEDLINE records, Middle 
Aged OR Aged OR Aged 80 and over

Web of Science Free terms were searched in the fields of title, abstract and indexing
Limitations/Filters: English, Article, All databases excluding MEDLINE 
records

Clinical Trials.gov Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: English, Trial

International Clinical 
Trials Registry 
Platform

Free terms were searched in the fields of title, abstract and author 
keywords
Limitations/Filters: English, Trial

2.3 Search details
Literature search strategies are developed using free text words and index terms related 
to: middle or older age AND physical exercise AND cognition AND myokines. Appendix B 
includes a transcript of the free terms used in the search strategy and the index terms 
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per database where applicable. The search strategy was translated for each of the used 
databases in a way that they remained as equal as possible, using the same free text 
terms, and searching for the most similar index terms. The search strategy was developed 
by Wouter Vints, who has expertise in the topic of the review with the help of Ioanna Zorba 
(Zormpa) who works as an information specialist, and was approved by all collaborating 
authors. Details of the used limitations and filters are provided in table 1.

2.4 Data management (search management and data extraction)
2.4.1 Study selection
Pairs of two authors will be involved in the study selection process. Due to the expected 
large amount of studies, the workload will be divided between all authors. Two authors 
will independently, without knowing each other’s decisions, screen the eligibility of the 
studies with a specific publication date, while studies with other publication dates will 
be screened by different pairs of authors. The first screening step will be based on the 
title and abstract of the article and in a second step based on the full text article. If the 
two authors disagree at any step, a third author will evaluate the eligibility criteria and 
debate among all three authors will be organized to reach an agreement. The software 
system ‘Rayyan’ will be used for the study selection process (Ouzzani et al., 2016).

2.4.2 Data extraction
Following the selection process, pairs of two authors will independently extract the 
following information:
• the name of the first author
• year of publication
• study design
• participant characteristics (number in each group, age [range and mean], sex [%], 

BMI [range and mean], level of education, physical fitness, main clinical diagnosis 
and comorbidities)

• exercise characteristics (type of exercise, intensity, duration in weeks or months, 
frequency, length of one exercise session, follow-up time, home-based vs gym-
based, autonomous vs with a trainer [specify the type of trainer e.g. researcher, 
professional coach])

• control group characteristics (type of control condition)
• cognition (cognitive domain assessed, cognitive test used, how was the outcome 

measured e.g. as response speed – accuracy – performance index – throughput - specific 
test score, whether a test was performed by a professional e.g. psychiatrist - nurse - 
trained personnel - untrained personnel)

• acute effect in trained/untrained individuals, or chronic effect (how long after the last 
exercise bout was the cognitive outcome measured and the blood collection performed)
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• sample size in treatment and control group
• standardized mean differences (SMDs) between control and treatment group on 

myokines (or the necessary statistics to calculate SMDs)
• SMDs between control and treatment group on cognitive functioning (or the 

necessary statistics to calculate SMDs)
• bivariate correlations between myokines and cognitive functioning (preferably in 

the total sample, or else per condition)
• bivariate correlations between different types of myokines (preferably in the total 

sample, or else per condition)
• bivariate correlations between different types of cognitive functioning (preferably 

in the total sample, or else per condition).

The exercise characteristics will additionally be used to place the studies in specific categories 
for subgroup analyses. We will extract information about the type of exercise: cardiorespiratory 
endurance exercise (such as walking, running, or cycling aimed to improve the aerobic energy 
systems), high-intensity interval training (including sprint training or other interval-based 
cardiorespiratory exercise training aimed to improve both aerobic and anaerobic energy 
systems), resistance exercise (such as weight lifting, strength training, power training, body 
weighted exercises, elastic bands exercises intended to increase muscular strength/volume/
power), mind-body exercises (such as Tai Chi, yoga, motor skill training, or dance aimed to 
improve mind-body coordination and awareness by a series of controlled movements that 
focus on the interactions between the brain, body, mind, and behavior), balance training 
(aimed to improve balance or proprioception), multicomponent exercise (i.e. a combination 
of at least two of the aforementioned types of exercise), or other specific exercises (e.g. 
basketball training or competition) that do not fit in any of these categories. We will also 
extract information about the, intensity of exercise [very light, moderate, vigorous, or near-
maximal to maximal intensity based on the American College of Sports Medicine Position 
Stand, published July 2011 by Garber et al. in Medicine & Science in Sports & Exercise], the 
intervention duration in weeks (months) [single bout, < 13 weeks (3 months), 13-26 weeks, > 
26 weeks (6 months)], the frequency [single bout, < 3 times/week, 3-5 times/week, > 5 times/
week], and the exercise session length (< 30 min, 30-60 min, > 60 min)

Participant characteristics will also be extracted to be used in subgroup analysis, 
including age groups (50-69 years old vs 70 years and over), sex, healthy vs disease, normal 
cognition vs. cognitive impairment at baseline, fitness level at baseline, educational level.

In case of disagreement in the extracted information, a third author will be requested 
to evaluate the data and debate among all three reviewers will be organized to reach an 
agreement. In case of missing information, the study investigators will be contacted. When 
no contact details are available or no reply is received within one month, the missing 
information will be marked ‘not available’.
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2.5 Risk of bias assessment
Risk of bias will be assessed using the Cochrane Risk of Bias tool (ROB 2) for randomized 
controlled trials (Higgins et al., 2011). The possible risk of bias on each of the domains 
included in these risk of bias tools will be judged as ‘high risk’, ‘low risk’ or ‘unclear’. The 
individual results will be compared between two review authors and disagreements will 
be solved by consulting a third author for arbitration.

2.6 Data synthesis and statistical methods
2.6.1 Meta-analysis with MASEM
If data is appropriate for synthesis, we will conduct a meta-analysis using random effects 
meta-analyses. We will assess the effect of exercise on each of the myokines and each of 
the cognitive functioning outcomes that are included in at least three or more included 
randomized controlled trials.

A path model (see Figure 1) will be evaluated using one-stage meta-analytic 
structural equation modeling (MASEM). One-stage MASEM is essentially a random-effects 
multivariate meta-analysis on correlation coefficients, in which the average correlations 
are restricted to follow the structure of the hypothesized path model. In its simplest 
form, the random-effects multivariate meta-analytic model decomposes the vector rk of 
correlation coefficients for a study k in three parts:

rk = ρR + uk + εk, (1)

where ρR indicates the vector of means of the correlation coefficients over all studies, 
uk is a vector of deviations of study k’s population correlation coefficients from ρR , and 
εk is a vector with the sampling deviations of study k. The covariances of uk denote the 
between-studies covariance matrix. The covariances of εk represents the within-studies 
covariance matrix for study k, often denoted Vk , which is estimated for each study, and 
then treated as known in the final analysis. Estimates of the path coefficients are obtained 
by restricting ρR in Equation 1:

ρR = vechs(F (I - A)-1 S (I - A)-1T FT ), (2)

where using the RAM-formulation (McArdle and McDonald, 1984), I is an identity matrix, 
F is a selection matrix with 1’s for observed variables and 0’s for latent variables, A is a 
square matrix with asymmetric paths such as regression coefficients, S is a symmetrical 
matrix with variances and covariances, and vechs() vectorizes the lower diagonal of its 
argument. For more explanation and details of this method see Jak and Cheung (2020) 
and Jak et al., (2021).
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This process will be led by co-author Suzanne Jak. The analyses will be conducted 
using the metaSEM package in R (Cheung, 2015).

Since one-stage MASEM uses correlation coefficients as input, the SMDs on myokines 
and cognitive functioning will be transformed to point-biserial correlations with a target 
base-rate of 0.50 (see McGrath and Meyer, 2006). The MASEM will lead to estimates of each 
of the direct effects in the path model, as well as estimates of the indirect effects of exercise 
on cognitive functioning through the different myokines. Statistical significance of direct 
effects will be evaluated using Wald-tests with a significance level of 5%, and statistical 
significance of mediating (indirect) effects with 95% likelihood-based confidence intervals 
(Neale and Miller, 1997; Cheung, 2022). A comparison of the strength of effects for different 
types of myokines and cognitive functions will be performed by constraining the relevant 
parameters to be equal and evaluating the difference in model’s log likelihoods.

Studies on acute exercise effects will be analyzed separately from chronic exercise 
studies. As a sensitivity analysis, we will also execute random-effects meta-analysis on the 
SMDs of myokines and cognitive outcomes separately using ‘standard’ (not SEM) meta-
analysis. If there are dependent effect sizes within studies (e.g. multiple operationalization 
of the same construct) they will be taken into account using robust variance estimation 
(Hedges et al., 2010).

Exercise

Myokine 1

Myokine …

Myokine n

Cognitive 
funct. 1

Cognitive 
funct. n

Figure 1. Meta-analytic structural equation modeling (MASEM) model

2.6.2 Heterogeneity
In order to try to explain possible heterogeneity across studies, we will evaluate moderating 
effects on all path coefficients in the model for all moderators that have enough coded 
values in studies. The moderating effects will be evaluated separately for each moderator. 
Moderators under consideration include exercise characteristics such as type of exercise, 
intensity of exercise, intervention duration in weeks, frequency of exercise sessions per week, 
exercise session length, participant characteristics including age groups, sex, health status, 
normal cognition or cognitive impairment at baseline, fitness level at baseline, educational 
level.
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2.6.3 Meta-biases
The potential for reporting bias and publication bias will be explored by visual inspection 
of funnel plots of the SMDs if ≥10 studies are available. We will also perform Egger’s 
regression tests on the SMD’s.

2.6.4 Quality of evidence
The quality of evidence for all outcomes will be judged using the Grading of 
Recommendations Assessment, Development and Evaluation (GRADE) working group 
methodology (Akl et al., 2013). The quality of evidence will be assessed across the domains 
of risk of bias, consistency, directness, precision and publication bias. Additional domains 
may be considered where appropriate. Quality will be adjudicated as high (further 
research is very unlikely to change our confidence in the estimate of effect), moderate 
(further research is likely to have an important impact on our confidence in the estimate 
of effect and may change the estimate), low (further research is very likely to have an 
important impact on our confidence in the estimate of effect and is likely to change the 
estimate), or very low (very uncertain about the estimate of effect). The effect of study 
quality on the effect sizes will be evaluated using meta-regression.

2.7 Administration, dissemination and updating of the living review
We plan to update the systematic review and meta-analysis for at least 5 years, with the 
option to extend this period if agreed by the authors. However, we may choose to convert 
the paper from a living systematic review to a normal systematic review and meta-analysis 
if the authors collectively determine that the criteria for conducting a living systematic 
review are no longer applicable. This may occur if there is no longer a significant level of 
uncertainty in the existing evidence, or if the research field is no longer rapidly evolving 
with emerging evidence likely to impact the conclusions of the living systematic review.

The project will be managed by one author (Wouter Vints). We plan to rerun the 
searches every six months and search for new myokines that are not yet included in the 
review on a yearly basis. The searches will be managed by one author (Wouter Vints) with 
the support of a librarian (Ioanna Zorba (Zormpa)) upon request. The division of other 
review tasks will remain as decided for the first review process. Whenever a contributing 
author wishes to step out of the review update process, he/she will try his/her best 
to assign a replacement or the replacement will be decided by the other contributing 
authors.

The decision to update the review paper will be based on a published scheme (Elliott 
et al., 2017). Updates of the living systematic review and meta-analysis that do not require 
re-publication will be presented at the website https://www.egrepa.org/. If no new studies 
are found, only the date of the last search will be updated. If new studies are found, but the 
new information is likely to have negligible effects on the effect estimates or the certainty 
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of the evidence, the date of the last search will be updated together with details of the new 
evidence and a justification for delaying the incorporation of this evidence in the paper. If new 
studies are found with likely effects on the effect estimates or the certainty of evidence, the 
date of the last search will be updated, the details of the new evidence will be added and data 
will be extracted, quality will be assessed and synthesized and the studies will immediately 
be incorporated in the paper. Once this process is completed, the updated living systematic 
review and meta-analysis will be submitted for re-publication in an open access international 
peer-reviewed journal as soon as possible, preferably a journal that has the resources to 
support a living systematic review. A summary is presented in Table 2.

Table 2 Intended process and publication strategy of the living review

No. of authors maintaining the LSR 15

Search support Information specialist within the author team (Ioanna 
Zorba (Zormpa))

Search frequency Every six months

Communicating review status to 
reader

On the PhysAgeNet website, the EGREPA website and via an 
article amendment if the latter is allowed by the journal 
and its editorial.
• https://physagenet.eu/
• https://www.egrepa.org/

Process for integration of new 
evidence

Full re-publication of the review, with new citation and DOI 
whenever new information is retrieved that will likely affect 
the effect estimates or the certainty of evidence.

Trigger for integration of new 
evidence

Every 12-24 months depending on the impact of the new 
evidence, according to the decision tree presented by Elliot 
et al., 2017.

3. Discussion

3.1 Perspectives
This proposed systematic review paper with meta-analysis is expected to make a significant 
contribution to the existing literature by generating new and valuable knowledge.

Firstly, this will be the first meta-analysis to comprehensively investigate the triad 
relationship between exercise, myokines and cognition in older adults. The analysis will not 
be restricted to specific types of exercise, health status, sets of myokines or cognitive function 
domains. We will use advanced statistical methods that have not been applied in this topic 
before to assess whether specific myokines mediate the relationship between exercise and 
cognition.
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Secondly, the living mode of this review paper allows for continuous updates, to 
ensure that the information remains up-to-date and relevant. As the research field 
progresses, the review will include the latest findings and become a valuable resource 
for researchers, clinicians, and policymakers.

Lastly, this review paper could have extensive practical implications by providing 
insights into which myokines are critical for maintaining cognitive health in older adults.

As the review progresses, it may provide more specific information on the value of 
certain myokines for enhancing particular cognitive domains or treating specific diseases. 
In addition, we will continuously update the review with information on the optimal 
exercise characteristics for inducing these myokines such as the mode of exercise, 
intensity, and other factors. Ultimately, this could help us to individualize exercise 
programs to meet the specific needs of older adults. The insights gained from this review 
may extend beyond older adults, providing broader benefits to society. In the future, 
this knowledge may lead to the design of healthy aging interventions, and even lead to 
the development of myokine-containing pharmacological pills. Such interventions could 
be used as add-ons or to mimic the effect of exercise for those unable to participate in 
optimal exercise interventions (see Gubert and Hannan, 2021).

3.2 Strengths and limitations
One important strength of our study design is its living approach, which enables us to keep 
this review paper up to date over time. Notably, research has shown that 25% of systematic 
reviews lose their accuracy and utility within two years (Shojania et al., 2007). An important 
limitation of most systematic reviews, especially in a rapidly growing research field like 
the one we are studying, is that they often become outdated quickly. In contrast, our 
review paper targets a wide range of studies, without restricting our scope to a specific set 
of myokines, including 1126 myokines at start, cognitive outcomes, exercise interventions 
or population criteria, except for older age. This approach will provide a comprehensive 
overview of the research field. Additionally, we will use advanced statistical techniques 
such as MASEM, to examine the mediating effects of myokines on cognitive changes. This 
information may drastically change the understanding of the role of myokines in cognitive 
function changes in older adults with varying health status following exercise.

The limitations of our study design include the expected retrieval of a highly 
heterogeneous list of studies, which is a common issue in meta-analyses conducted in 
this research field. The reasons behind this variability include differences in participant 
characteristics, exercise protocols, blood sampling methods, and cognitive tests used 
(Vints et al., 2022b). Furthermore, we made a conscious decision to impose fewer 
restrictions on the inclusion of studies in order to provide a comprehensive overview of 
the field. However, this decision may increase the heterogeneity of the included studies, 
which is a potential limitation of our design. In addition, it should be noted that some 
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studies use low-intensity exercise or balancing exercise as a control condition in their 
research, but we have decided not to include studies with an exercise control group in 
our analysis. This decision also constitutes a limitation of our study design. Finally, our 
search will be limited to the English literature, which could be considered a form of 
bias. However, this is common practice, as only one third of systematic reviews report 
to conduct searches without language restriction and only 2% eventually include non-
English literature (Jackson and Kuriyama, 2019; Pieper and Puljak, 2021).

4. Conclusion

This protocol outlines the methods for a living systematic review with meta-analysis, which 
aims to investigate the role of more than 1125 putative myokines as potential mediators in the 
relationship between exercise and cognitive function in older adults. The existence of a direct 
cross-talk between muscle and brain via myokine signaling has been demonstrated, indicating 
the potential for muscle-derived signaling factors to be used as a non-pharmacological 
intervention to maintain cognitive ability at older age. However, the rapid growth of this 
research field necessitates continued synthesis to identify the most promising targets and 
exercise protocols. A living systematic review with meta-analysis can facilitate ongoing 
research into the specific bioactivity of myokines and their association with cognitive function, 
leading to a better understanding of the relationship between exercise and cognitive health 
in older adults.
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Abstract

Rationale and Objectives: Pro-inflammatory processes have been argued to play a role 
in conditions associated with cognitive decline and neurodegeneration, like aging and 
obesity. Only a limited amount of studies have tried to measure both peripheral and 
central biomarkers of inflammation and examined their interrelationship. The primary 
aim of this study was to examine the hypothesis that chronic peripheral inflammation 
would be associated with neurometabolic changes that indicate neuroinflammation (the 
combined elevation of myoinositol and choline), brain gray matter volume decrease and 
lower cognitive functioning in older adults.

Materials and methods: Seventy-four older adults underwent bio-impedance body 
composition analysis, cognitive testing with the Montreal Cognitive Assessment (MoCA), 
blood serum analysis of inflammatory markers interleukin-6 (IL-6) and kynurenine, 
magnetic resonance imaging (MRI) and proton magnetic resonance spectroscopy 
(1H-MRS) of the brain. Neurometabolic findings from both Tarquin and LCModel 1H-MRS 
post-processing software packages were compared. Regions of interest for MRI and 
1H-MRS measurements were dorsal posterior cingulate cortex (DPCC), left hippocampal 
cortex (HPC), left medial temporal cortex (MTC), left primary sensorimotor cortex (SM1) 
and right dorsolateral prefrontal cortex (DLPFC).

Results: Elevated serum kynurenine levels were associated with signs of 
neuroinflammation, specifically in the DPCC, left SM1 and right DLPFC, and signs of 
neurodegeneration, specifically in the left HPC, left MTC and left SM1, after adjusting for 
age, sex and fat %. Elevated serum IL-6 levels were associated with increased Glx levels 
in left HPC, left MTC, and right DLPFC, after processing the 1H-MRS data with Tarquin. 
Overall, the agreement between Tarquin and LCModel results was moderate to strong for 
tNAA, tCho, mIns and tCr, but weak to very weak for Glx. Peripheral inflammatory markers 
(IL-6 and kynurenine) were not associated with older age, higher fat %, decreased brain 
gray matter volume loss or decreased cognitive functioning within a cohort of older 
adults.

Conclusion: Our results suggest that serum kynurenine may be used as a peripheral 
inflammatory marker that is associated with neuroinflammation and neurodegeneration, 
although not linked to cognition. Future studies should consider longitudinal analysis to 
assess the causal inferences between chronic peripheral and neuroinflammation, brain 
structural and neurometabolic changes, and cognitive decline in aging.
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Abbreviations
1H-MRS, proton magnetic resonance spectroscopy; BMI, body mass index; CRP, C-reactive 
protein; DLPFC, dorsolateral prefrontal cortex; DPCC, dorsal posterior cingulate cortex; FDR, 
false discovery rate; Fat %, body fat percentage; Glx, glutamate-glutamine complex; GMV, 
gray matter volume; HPC, hippocampal cortex; ICC, intraclass correlation coefficient; IL-6, 
interleukin-6; IL-8, interleukin-8; mIns, myoinositol; MoCA, Montreal Cognitive Assessment; 
MTC, medial temporal cortex; SM1, primary sensorimotor cortex; tCho, total choline; tCr, 
total creatine; tNAA, total N-acetyl aspartate; TNF- α, tumor necrosis factor-α.

1. Introduction

Looking back at how the world’s population has changed in the last four decades, two 
major trends have been noticed; 1) the increase in the proportion of older adults and 
2) the increase in the prevalence of overweight and obesity. Indeed, first of all, the 
subpopulation of older adults is rapidly increasing worldwide and is prospected to 
continue to increase (1). With it, the increasing amount of care-needing elderly places 
high demands on our health care services (1). At the same time, there is a shift in the 
prevalence of diseases in the group of older adults showing an increase in chronic care-
demanding illnesses. A comparison of diseases in older adults in 2016 showed that 
dementias displayed the largest increase as a cause of disability and second largest 
increase as a cause of mortality in the last 16 years (2). Importantly, Mayeux and Stern 
(2012) hypothesized that the burden of dementia, with Alzheimer’s disease as the leading 
cause of dementia, will double every 20 years until at least 2040 (3). Secondly, a dramatic 
increase in the prevalence of overweight and obesity has taken place in the last four 
decades. At this rate, the majority of the world’s adult population will be overweight or 
obese by 2030 (4). Of interest, not only older age, but also obesity has been associated 
with cognitive decline, as was reported after adjusting for age and educational level (5). 
Moreover, obese individuals were found to have an increased risk of Alzheimer’s disease 
(6). Furthermore, life-style interventions targeted to reduce obesity, like regular physical 
exercise and a healthy diet, are also suggested to be promising strategies to prevent 
cognitive decline and dementia (7).

A common mechanism that has been suggested to be a major player in age- and 
obesity-related cognitive decline is a chronic state of inflammation (8)(9)(10). Studies have 
measured increased levels of inflammatory markers and activated immune cells in blood 
samples and tissue biopsies in old and obese individuals (11)(12). In the context of aging, 
‘inflammaging’ refers to the gradual transition into a chronic pro-inflammatory stage that 
is reported when people get older (11). It is thought that inflammaging arises at least 



146

Chapter 3

partly from the release of inflammatory markers by senescent cells, which accumulate 
over time (13). The senescence program makes old cells stop dividing to prevent malignant 
transformation (14), but also alters secretory activity so that they start releasing a range of 
inflammatory markers and attract and activate immune cells (12). In the context of obesity, 
chronic inflammation is suggested to arise from adipose cells. Especially from visceral 
fat, which is considered one of the largest contributors to the release of inflammatory 
markers in the human body (15)(16).

Of importance, these signs of elevated inflammation can also be found in the brain, 
both with aging (17) and obesity (18). Within the central nervous system, glial cells, 
which include microglia and astrocytes, are the main immune cells involved in local 
neuroinflammation (17). Stereological findings have shown an age-related increase in 
the number of glial cells in the frontal and temporal cortex (19). Moreover, studies have 
shown that microglia change to a more proinflammatory phenotype with age (20)(21). In 
the context of obesity, neuroinflammation in the hypothalamus is consistently reported 
(9), but also other brain regions are affected, such as the hippocampus, amygdala, 
cerebral cortex and cerebellum, as has been shown in rodent studies (10)(22)(23)(24). 
In areas with increased neuroinflammation, activated microglia release inflammatory 
markers to attract more inflammatory cells and initiate repair mechanisms, further 
increasing inflammation in the brain (25)(26)(27)(28). This may cause damage to the 
surrounding neurons and may impair synaptic signaling, which eventually results in 
cognitive impairment (8)(17)(29).

It is considered that peripheral inflammation and neuroinflammation are closely 
linked, even though the brain and the rest of the body are separated from each other 
by the blood-brain barrier. Indeed, peripheral and central inflammatory signals were 
previously found to interact via blood and neural routes of communication (30)(31)(32)(33)
(34)(35)(36)(37). For example, studies have shown that a peripheral inflammatory challenge 
activated microglial cells and drastically altered neural activity (35)(38). After blocking 
peripheral cytokine production, neuroinflammation was also altered and this was found to 
result in cognitive improvements (39)(40). Inversely, traumatic brain injury was reported to 
induce an inflammatory response in the liver, causing liver damage (41)(42)(43). Recently, 
the neurobiological link between peripheral inflammation, neuroinflammation and 
cognitive aging was tested for the first time by Lind et al. (2021). Firstly, in a previous 
study, they used proton magnetic resonance spectroscopty (1H-MRS) to search for signs 
of neuroinflammation and discovered a link between cognitive aging and elevated levels 
of the glia-related neurometabolites total choline (tCho), myoinositol (mIns) and total 
creatine (tCr) in the anterior cingulate cortex, hippocampus and thalamus (45). Secondly, 
Lind et al. (2021) correlated these findings to blood levels of the pro-inflammatory markers 
C-reactive protein (CRP), interleukin (IL) -8 and tumor necrosis factor-α (TNF- α) in young, 
middle aged and older adults. They reported that circulating levels of CRP and IL-8 were 
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elevated in older adults. CRP was positively correlated to thalamic mIns levels and IL-8 
was positively correlated with tCho in the anterior cingulate cortex as well as with mIns 
in the hippocampus. Moreover, they observed a negative correlation between CRP levels 
and visuo-spatial working memory performance (44).

In addition to CRP, IL-8 and TNF-α, other markers of inflammation have previously been 
linked to aging, obesity and cognitive impairment. For example, IL-6 is extensively studied 
as a marker of inflammaging and has even been called the “gerontologist’s cytokine” 
(46). IL-6 levels are increased in older and in obese adults (47). A meta-analysis including 
seven longitudinal studies presented evidence that subjects with high circulating IL-6 
levels were 1.42 times more likely to experience global cognitive decline after a 2-7 year 
follow-up (48). However, IL-6 seems also to be involved in anti-inflammatory actions and 
is therefore suggested to be an important regulator of the inflammatory response (49). 
Another very interesting inflammatory marker is kynurenine, as the enzyme indolamine 
2,3 dioxygenase, which converts tryptophan into kynurenine in the liver, is upregulated 
in a state of high inflammation (50). Increased indolamine 2,3 dioxygenase activity and 
elevated levels of kynurenine were associated with higher levels of CRP, IL-1β, IL-6, IL-8, 
TNF-α and Interferon-gamma (IFN-γ), while the anti-inflammatory cytokines IL-4 and IL-
10 counteracted the increase in kynurenine levels (51)(50)(52)(53)(54). Via this pathway, 
inflammation results in a reduction in tryptophan, a precursor of serotonin and may cause 
sickness behavior and depression (55). Furthermore, kynurenine metabolites have been 
shown to induce dysregulation of glutamatergic pathways, leading to excitotoxic neural 
damage (56). Higher levels of kynurenine were associated with obesity (57), with cognitive 
decline in older adults (Solvang et al., 2019) and with striatal and hippocampal volume 
loss in psychiatric disorders (58). In a Alzheimer mouse model, peripheral inhibition of 
the kynurenine pathway prevented neurodegeneration and memory deficits (59).

The primary aim of this study was to investigate the association between peripheral 
inflammatory markers measured from serum samples and signs of neuroinflammation 
measured with 1H-MRS in a cohort of older adults and secondarily to relate peripheral 
inflammatory markers to brain gray matter volume (GMV) and cognitive function, as measured 
with the Montreal Cognitive Assessment (MoCA). The MoCA is considered a sensitive screening 
tool to evaluate the risk of mild cognitive impairment in the geriatric population (60)(61). We 
built our analysis starting first with assessing the relationship between the demographic 
characteristics of the subjects included in our study and cognitive function. Based on existing 
literature, we also expect to find that older age and higher body fat percentage (fat %) are 
associated with cognitive deficit (5)(8). Of importance, studies have also shown that cognitive 
performance depends on the subject’s educational level, e.g. (62), and fat % greatly differs 
between sexes. Also in older adults fat % is generally larger in women than in men (63). 
Secondly, we will correlate age, fat % and cognition to peripheral inflammatory markers, 
brain GMV and neurometabolic changes. Here, we hypothesize that older age, higher fat % 
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and lower cognitive functioning are associated with higher levels of peripheral inflammation, 
a loss of brain GMV, a decrease in markers of neural integrity and an increase in markers 
of neuroinflammation. Thirdly, we test the hypothesis that higher levels of peripheral 
inflammation are associated with brain volume loss, and eventually our study’s primary 
endpoint that peripheral inflammation is associated with neurometabolic changes indicating 
brain inflammation. This investigation will elaborate on the findings of Lind et al. (2021), since 
we used different peripheral serum biomarkers, added brain GMV measurements, examined 
more brain regions with 1H-MRS and used the MoCA as a more general screening instrument 
for mild cognitive impairment in older adults (44). Furthermore, we took into account the 
effect of age, fat % and sex and excluded subjects with neurological and psychiatric disorders. 
Finally, quantification of neurometabolites such as myoinositol and Glx may not be consistent 
across vendors and algorithms (64). Therefore, we used LCModel and Tarquin, two linear-
combination modeling algorithms commonly implemented for the quantification of 1H-MRS 
spectra, to examine the robustness of our neurometabolic estimates and the predictability 
of their associations with the other biomarkers. Ultimately, this paper may lead to a better 
understanding of the expected detrimental effect of inflammation on brain health and 
cognitive function.

2. Material and methods

2.1 Participants and setting
A total of 74 apparently healthy adults aged 60 years and older were recruited in Kaunas, 
Lithuania. Recruitment strategies included presentations in local community organizations, 
contacting subjects from a list of patients provided by general practitioners and volunteers 
from previous studies. Candidates were invited for an interview in the primary care center 
Saulės Family Medical Center (Kaunas) before inclusion. Exclusion criteria were a diagnosis 
of a neurological disorder, including stroke, epilepsy, multiple sclerosis, traumatic brain 
injury, brain tumor or neurodegenerative diseases like dementia. Furthermore, we excluded 
subjects with alcohol or drug abuse, diabetes, psychiatric disorders like depression, or usage 
of psychopharmacological drugs in the last five years and oncologic disorders or a history 
of chemotherapy use. Finally, we applied the exclusion criteria for magnetic resonance 
imaging (MRI) studies as formulated by the checklist of the department of radiology at the 
Lithuanian University of Health Science in Kaunas, including metal or MR-incompatible 
implants and claustrophobia. Participants indicated that they did not participate in 
any regular exercise program in the last 6 months, but were able to perform 10 sit-ups. 
Participants could voluntarily withdraw from the study at any time. The study was approved 
by the Kaunas Regional Biomedical Research Ethics Committee (No. BE-10-7) and a written 
informed consent was obtained from all participants prior to their inclusion in the study.



149

Kynurenine and 1H-MRS in older adults

3

2.2 Demographic and clinical characteristics
All participants were asked to report age, sex, smoking status and educational level 
(i.e. basic education, secondary education or higher education). Furthermore, the 
Montreal Cognitive Assessment (MoCA) test was conducted by a qualified mental health 
care specialist (co-author SK). The MoCA test is a brief cognitive screening instrument 
developed by Nasreddine et al. (2005) (60). It contains 12 items measuring seven cognitive 
domains: executive functioning; visuospatial abilities; language; attention, concentration 
and working memory; abstract reasoning; memory and orientation. All items add up 
to a total score with a maximum of 30 points, where a higher score indicates better 
cognitive functioning. This screening tool is widely used and is especially considered 
as a reliable and sensitive tool to evaluate the risk of mild cognitive impairment in the 
geriatric population (60)(61). At last, we assessed the subjects’ body mass index (BMI) 
and measured their body fat percentage (fat %) using leg-to-leg bio-impedance analysis 
(Tanita TBF-300-A).

2.3 Blood analysis
Venous blood samples were drawn by a qualified medical professional at the antecubital 
vein. All blood samples were collected between 9 a.m. and 1 p.m. in 5 ml serum separation 
gel tubes. After blood collection, the tubes were gently inverted 8-10 times and kept at 
room temperature for 30 min until centrifugation for 15 minutes at 4000 g centrifugal 
force. After centrifugation, serum was aliquoted into 1.5 mL polypropylene tubes and 
immediately frozen and stored at -80 °C in the refrigerator compartment of the laboratory 
of the Lithuanian Sports University Institute of Sports Science and Innovation until further 
analysis. Enzyme linked immunosorbent assay (ELISA) tests for the assessment of the 
circulating levels of IL-6 and kynurenine were analyzed with spectrophotometry (Spark 
10M, Tecan Group Ltd., Zürich, Switzerland) by an experienced researcher (co-author MK).
IL-6 measurement. IL-6 concentrations were measured using a commercially available 
ELISA kit purchased from DIAsource ImmunoAssays S.A., Belgium (KAP1216). It was a 
sandwich immunometric assay utilizing recombinant human cytokines and antibodies 
raised against recombinant human cytokines. Lower limit of detection being 2 pg/ml. 
Absorbance was measured using a spectrophotometer at 450 nm absorbance.

Kynurenine measurement. Kynurenine concentrations were measured using a 
commercially available ELISA kit purchased from MyBiosource, Inc., USA. Lower limit of 
detection being 45.7 ng/ml.

2.4 Brain imaging and 1H-MRS
Brain scanning consisted of whole brain MRI and 1H-MRS with voxels in five brain regions 
with a total length of about 90 min per subject. MRI was performed using a Siemens 3T 
Skyra scanner (Siemens Healthineers, Erlangen, Germany) with a 32-channel receiver head 
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coil. A high-resolution T1-weighted (T1W) structural MR image (repetition time (TR) = 2200 
ms, echo time (TE) = 2.48 ms, 0.9 × 0.9 × 1.0 mm³ voxels, field of view: 230 × 256 mm, number 
of sagittal slices = 176) was used to acquire a 3D magnetization prepared gradient echo 
(MPRAGE). T2-weighted (T2W) turbo-spin echo scan, fluid-attenuated inversion recovery 
(FLAIR) and susceptibility weighted imaging (SWI) were reviewed for brain lesions by an 
experienced radiologist with more than 10 years of experience (co-author KV).

Total gray matter volume (GMV) and GMVs of dorsal posterior cingulate cortex (DPCC), 
left and right hippocampal cortex (HPC), left middle temporal cortex (MTC), left primary 
sensorimotor cortex (SM1) and right dorsolateral prefrontal cortex (DLPFC) were analyzed 
using FreeSurfer v7.1.1 (Harvard, MA, USA, http://surfer.nmr.mgh.harvard.edu/) on isotropic 
3D T1W images of 0.9 mm slice thickness. The DPCC GMV was calculated by combining the 
Freesurfer region volumes right and left posterior cingulate. For left and right HPC GMV 
the Freesurfer regions left and right whole hippocampus were used. The left MTC GMV was 
calculated from middle temporal Freesurfer site of the left hemisphere. Left SM1 GMV was 
the combined volume of Freesurfer precentral area of frontal lobe and postcentral area 
of parietal lobe of the left hemisphere. Finally, the right DLPFC GMV was calculated by 
combining the Freesurfer region volumes of left rostral and caudal middle frontal regions.

1H-MRS spectra were acquired in five voxels using a Point RESolved Spectroscopy 
(PRESS) sequence (TR = 2000 ms, TE = 30 ms, number of averages = 128, spectral bandwidth 
= 2000 Hz, data size = 1024 points) with excitation water suppression (sequence svs_
se_30). The unsuppressed water signal was also acquired to measure absolute metabolite 
concentrations using the same acquisition parameters. The regions of interest where 
voxels were placed included DPCC, left HPC, left MTC, left SM1 and right DLPFC and 
corresponded to the regions used to calculate GMVs. The DPCC voxel was placed in the 
midline of both posterior parts of cingulate cortex in axial plane anterior to precuneus and 
parieto-occipital sulcus, corresponding to the Freesurfer sites used to calculate DPCC GMV. 
The hippocampal voxel was centered over the whole hippocampus in left hemisphere 
in the medial part of the temporal lobe anterior to lateral ventricle, corresponding to 
the Freesurfer region used to calculate left HPC GMV. The MTC voxel was placed in the 
left middle part of temporal lobe over the middle temporal gyrus caudal to superior 
temporal gyrus and cranial to inferior temporal gyrus, corresponding to the Freesurfer 
site used to measure left MTC GMV. The SM1 voxel was centered over the left hand-knob, 
corresponding to the Freesurfer sites used to calculate left SM1 GMV. The DLPFC voxel 
was placed over the right middle frontal gyrus inferior to the superior frontal sulcus and 
anterior to the precentral sulcus, corresponding to the Freesurfer sites used to calculate 
right DLPFC GMV. The voxel sizes were: (i) 1.6 × 1.6 × 1.6 cm³ in the DPCC, left SM1 and right 
DLPFC voxels, (ii) 20 × 12 × 16 cm3 in the left MTC and (iii) 26 × 12 × 12 cm3 in the left HPC. MR 
spectra were processed using the totally automatic robust quantification in nuclear MR 
(TARQUIN, version 4.3.10) and the linear combination of model spectra (LCModel, version 
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6.3.1-R). These two post-processing software packages are widely used (64). However, 
LCModel may offer a more accurate quantification of Glx and macromolecular constituents 
(65). We presented Tarquin results after lipid signal extraction using the lipid-filtering 
preprocessing option prior to quantification, as recommended by Near et al. (2021) (66). 
However, LCModel has no lipid filter option at the preprocessing phase. Therefore, we 
present right DLPFC Tarquin results with no filtering of lipids compared to LCModel results 
in Supplementary table 1. This table confirms that the same conclusion can be drawn as 
when lipids were filtered before processing with Tarquin, as shown in Table 1, see results 
section. Only spectra with linewidths less than 12 Hz and signal-to-noise ratio greater 
than 5 were included in the statistical analyses, other values were considered missing. 
For spectra that were processed with LCModel, all included neurometabolites were 
quantified with a Cramér-Rao lower bound < 20%. 1H-MRS spectra were visually checked 
to ensure the absence of artefacts prior to quantification. Quantifiable neurometabolites 
were (1) total NAA (tNAA) composed of N-acetyl aspartate and N-acetyl glutamate, (2) 
total creatine (tCr) composed of creatine and phosphocreatine, (3), total choline (tCho) 
composed of phosphorylcholine and glycerophosphocholine, (4) myoinositol (mIns), and 
(5) the glutamate-glutamine complex (Glx).

Water-referenced levels of tNAA, tCr, tCho, mIns, and Glx were quantified for each voxel 
location and ratios relative to tCr were calculated. For tNAA also the ratio relative to mIns 
was calculated. Neuroinflammation and gliosis were reported in association with elevated 
levels of mIns, tCr and tCho (45)(67)(68). The concentrations of these neurometabolites 
are significantly higher in glial cells than in neurons and the concomitant increase in 
mIns and tCho is considered to indicate glial proliferation (69). In addition, decreased 
concentrations of tNAA are considered a robust marker of neurodegeneration (70). The 
ratio of tNAA relative to mIns is an interesting marker for neurodegenerative processes 
that involve inflammation, as it indicates a combined loss of neural integrity (tNAA) and 
increase in neuroinflammation (mIns) (71).

2.5 Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics version 27 (SPSS Inc, Chicago USA). 
We used parametric tests where possible. In case this was not appropriate due to not meeting 
normality assumptions, data was log transformed, as was the case for IL-6 measurements. 
After data inspection and cleaning bad quality measurements (see criteria in 4. Brain imaging 
and 1H-MRS), the agreement between LCModel and Tarquin 1H-MRS post-processing software 
packages was evaluated using intraclass correlation coefficients (ICC, single measure two-
way random effects model for absolute agreement). Subject demographics were correlated 
to MoCA test scores using linear regression analysis for continuous markers and two-sided 
independent t-tests to compare MoCA test results between two groups. Linear regression 
was used to correlate age with levels of serum inflammatory markers, brain GMV and 
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neurometabolite levels. Multiple linear regression analysis was used to investigate the 
association between MoCA score, adjusted for age and educational level, or fat %, adjusted 
for age and sex and peripheral inflammatory marker levels, brain GMV and neurometabolite 
levels. Finally, multiple regression analysis was used to investigate the association between 
peripheral inflammatory marker levels, adjusted for age, sex and fat % and brain GMV and 
neurometabolite levels. For the purpose of this exploratory study, p-values below 0.05 
were considered statistically significant. In addition, we presented which of these p-values 
survived correction for multiple testing with false discovery rate (FDR) analysis (Benjamini 
and Hochberg adjustment) (72). In the FDR procedure, every p-value is compared against a 
sequentially weighted threshold on all p-values. The FRD procedure was done multiple times 
for each of the independent variables age, MoCA, fat %, IL-6, IL-6 after exclusion of an outlier, 
and kynurenine; and separately for LCModel results, Tarquin results, and the combination 
of all other dependent variables for all p-values presented in Supplementary tables 3-10. It 
should be noted that the results surviving the multiple testing adjustment are strong, whereas 
interpretation of the remaining results should be made with caution.

3. Results

3.1 Magnetic resonance data quality and analysis
Of all included subjects, 68 (91.9%) underwent complete brain scanning sessions with MRI 
and 1H-MRS. Reasons for missing data were inclusion in a pilot 1H-MRS scanning session 
using stimulated echo acquisition mode (STEAM) sequence (n = 2) or scanning cessation due 
to claustrophobia, unrest, discomfort, or pain during scanning (n = 4). After excluding data 
of bad quality, a complete dataset of all MRI and MRS values was attained for 33 subjects. 
Further analysis was done each time with all the data available, which differed depending on 
the measurement. In order to know specifically from how many subjects the data was used 
for each of the associations assessed below, Supplementary table 2 contains the number 
of subjects with good quality MRI and 1H-MRS values, with 1H-MRS values presented per 
region and compared between LCModel and Tarquin, see also Figure 1.

Overall, the agreement between tNAA, tCho, mIns and tCr measurements 
postprocessed with LCModel compared to measurements after processing with Tarquin 
were strong (R or ICC > 0.750) or moderate (0.500 < R or ICC < 0.750), with exception of 
weak correlations (0.250 < R < 0.500) for tNAA levels in the right DLPFC, mIns levels in 
the left HPC and tCr levels in the left MTC; or low ICC values (0.250 < ICC < 0.500) for tNAA 
levels in the left HPC, left MTC and right DLPFC, mIns levels in the DPCC, left HPC, left MTC 
and tCr levels in the DPCC, left MTC, left SM1 and right DLPFC. The agreement of Glx levels 
between the two models was very weak (R or ICC < 0.250) in all regions of interest, except 
for a weak correlation in the left SM1 (R = 0.376); for details see Table 1.
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Figure 1. (A) Example voxel positions and spectra from a representative subject. (B) Raw (black curve) 
and fitted (red curve) spectra from LCModel (left hand side panel) and Tarquin (right hand side panel) 
are illustrated for the left HPC and right DLPFC.
Abbreviations: Cho, total choline; Cr, creatine + phosphocreatine; DLPFC, dorsolateral prefrontal cortex; 
DPCC, dorsal posterior cingulate cortex; Glx, glutamate-glutamine complex; HPC, hippocampal cortex; 
mIns, myoinositol; MTC, medial temporal cortex; NAA, N-acetyl aspartate; SM1, primary sensorimotor 
cortex.
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Table 1. Agreement between LCModel and Tarquin 1H-MRS post-processing software packages

tNAA tCho Glx mIns tCr

DPCC R-value

ICC

0.699***

0.666***

0.597***

0.514***

0.097

0.030

0.687***

0.466***

0.789***

0.408***

Left HPC R-value

ICC

0.574***

0.354***

0.619***

0.516***

0.228

0.074

0.358**

0.314**

0.641***

0.606***

Left MTC R-value

ICC

0.515***

0.407***

0.692***

0.655***

-0.011

-0.003

0.726***

0.474***

0.485***

0.411***

Left SM1 R-value

ICC

0.579***

0.541***

0.790***

0.661

0.376**

0.161**

0.817***

0.663***

0.742***

0.213***

Right DLPFC R-value

ICC

0.486***

0.472***

0.852***

0.795***

0.187

0.061

0.751***

0.559***

0.678***

0.227***

Pearson R and ICC values are presented for the correlation between Tarquin and LCModel measurements.
* p < 0.05, ** p < 0.01, *** p < 0.001; Abbreviations: DLPFC, dorsolateral prefrontal cortex; DPCC, dorsal 
posterior cingulate cortex; Glx, glutamate-glutamine complex; HPC, hippocampal cortex; ICC, intraclass 
correlation coefficient; mIns, myoinositol; MTC, medial temporal cortex; SM1, primary sensorimotor 
cortex; tCho, total choline; tCr, total creatine, tNAA, total N-acetyl aspartate

3.2 Subject characteristics
Subject characteristics are described in Table 2. The mean (SD) MoCA score was 25.2 (2.8), 
ranging from 19-30. The age of the included subjects ranged from 60-85 years old. Older aged 
adults scored significantly lower on the MoCA test (R² = 0.175, p < 0.001). Fat % ranged from 
3.4-51.6% and BMI from 19.2-47.9. As expected, fat % was highly dependent on sex (p < 0.001), 
with mean (SD) fat % in men 26.3% (8.7) and in women 35.8% (7.8). BMI did not significantly 
differ between sexes (p = 0.361), with mean (SD) BMI in men 28.6 (8.7) and in women 27.5 (4.5). 
Fat % and BMI, adjusted for age and sex, were not significantly correlated with MoCA scores 
(p = 0.202, p = 0.127 respectively). Older age was significantly correlated with lower fat % (R² = 
0.143, p = 0.001), but not with BMI (R² = 0.019, p = 0.128).

3.3 The relation between age, body fat percentage and cognition, and brain gray matter 
volume and peripheral inflammation
Older age was significantly correlated with lower brain volumes in all regions of interest (all 
p < 0.05). Multiple linear regression, adjusted for age and educational level, showed that 
higher MoCA scores significantly correlated with higher levels of kynurenine (p = 0.027), which 
is contradictory to what we hypothesized. After adjusting for age and sex, higher fat % was 
correlated with lower total GMV (p = 0.029) and lower left MTC GMV (p = 0.031), see Table 3. The 
correlations with age all survived multiple testing correction with FDR, while the correlations 
with MoCA and fat % did not remain statistically significant. No significant correlations were 
found between age or fat % and IL-6 or kynurenine levels, see Supplementary table 3.
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Table 2. Subject characteristics and their relation to MoCA score

Total
(n = 74)

β Regression
p-value

T-test
p-value

Missing 
(n)

Age 69.4 (6.2) -0.418 0.0001 0

Fat %a 31.4 (9.4) 0.174 0.202 3

BMIa 28.0 (4.9) 0.172 0.127 3

Sex 0.747 0

Male 34 (45.9%)

Female 40 (54.1%)

Smoking status 0.767

Non smoker 71 (95.9%)

Smoker 3 (4.1%)

Education All > 0.259 1

Higher education 57 (78.1%)

Secondary education 14 (19.2%)

Basic education 2 (2.7%)
a adjusted for age and sex. Continuous parameters are expressed as mean values (SD); categorical 
parameters are expressed as n (%).
Abbreviations: BMI, body mass index; MoCA, Montreal Cognitive Assessment.

Table 3. The effect of age, MoCA and fat % on brain gray matter volume and peripheral inflammation

β p-value

Age Total GMV -0.372 0.005

DPCC GMV -0.426 0.001

Left HPC GMV -0.450 0.0002

Right HPC GMV -0.534 0.000005

Left MTC GMV -0.320 0.017

Left SM1 GMV -0.431 0.0008

Right DLPFC GMV -0.377 0.004

MoCAa Kynurenine 0.312 0.027

Fat %b Total GMV -0.292 0.029

Left MTC GMV -0.320 0.031

Only statistically significant correlations are presented. See Supplementary table 3 for all results. 
a adjusted for age and educational level, b adjusted for age and sex. Abbreviations: DLPFC, 
dorsolateral prefrontal cortex; DPCC, dorsal posterior cingulate cortex; GMV, gray matter volume; 
HPC, hippocampal cortex; mIns, myoinositol; MoCA, Montreal Cognitive Assessment; MTC, medial 
temporal cortex; o.e., outlier excluded; SM1, primary sensorimotor cortex; tCho, total choline; tCr, 
total creatine, tNAA, total N-acetyl aspartate
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3.4 The relation between age, body fat percentage and cognition, and neurometabolites
Correlations obtained from regression analyses between age, fat % and cognition and 
the neurometabolites are depicted in Table 4 and Supplementary tables 4-6. To assess 
potential effects of MRS data analysis software, we have compared LCModel and Tarquin 
for the quantification of neurometabolites.

A common finding after processing 1H-MRS data with LCModel and Tarquin was the 
significant age-related decrease in tCr DPCC levels. Furthermore, we expect tNAA levels to 
be lower as a function of age. Even though we did not compare to young adults, we were 
able to find a decrease of tNAA DPCC (Tarquin) and tNAA left SM1 (LCModel) in association 
with older age. The age-related decrease in tNAA DPCC levels was also close to significance 
level for LCModel (p = 0.053). No age-related changes in neuroinflammation were discovered. 
After adjusting for age and educational level, MoCA test results were not related to signs of 
neurodegeneration or neuroinflammation. Contradictory, higher fat %, adjusted for age and 
sex, was associated with increased tNAA/tCr levels in left MTC, but decreased tNAA/tCr levels 
in left SM1. In addition, a negative association was found between fat % and tNAA/tCr DPCC 
(Tarquin) and tNAA/tCr right DLPFC (LCModel). Also Glx level changes were inconsistent. 
Results after processing with LCModel showed higher fat % correlates with lower Glx/tCr 
in left HPC, while after processing with Tarquin higher fat % correlated with higher levels 
of Glx/tCr in left MTC and Glx in DPCC. Here, the discordance may be explained by the very 
weak agreement of Glx concentrations between LCModel and Tarquin results. None of the 
significant p-values survived FDR correction for multiple testing.

3.5 The relation between peripheral inflammatory markers, and brain gray matter volume 
and neurometabolites adjusted for age, sex and body fat percentage
Multiple regression analysis adjusted for age, sex and fat % and after exclusion of an 
outlier in IL-6 found no associations between the inflammatory serum markers and brain 
gray matter volume, see Supplementary table 7 for all results. Correlations obtained 
from multiple regression analysis between the inflammatory serum markers and 
neurometabolites are depicted in Table 5 and Supplementary tables 8-10.

The only concordant significant association between peripheral inflammatory markers 
and neurometabolites for results after processing 1H-MRS data with LCModel compared to 
Tarquin, was the positive association between serum kynurenine levels and mIns levels in 
the left SM1 and tCho levels in the right DLPFC. Serum kynurenine was associated with signs 
of neuroinflammation (i.e. the concomitant increase in tCho and mIns) in both left SM1 and 
right DLPFC when considering LCModel results. After processing 1H-MRS data with Tarquin, the 
positive association between serum kynurenine and tCho left SM1 (p = 0.204) and mIns right 
DLPFC (p = 0.063) was nonsignificant. The increase in tCho in the right DLPFC (LCModel and 
Tarquin) and the increase in mIns left SM1 (Tarquin) were the only significant associations 
between neurometabolites and kynurenine that survived the FDR procedure to correct for 
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multiple testing. In addition, although not surviving multiple testing correction, we found 
a significant positive association between serum kynurenine and mIns concentrations in 
the DPCC (Tarquin), which was accompanied with a nonsignificant positive association with 
tCho DPCC (p = 0.162). For LCModel results both the association between serum kynurenine 
and mIns DPCC (p = 0.849) and tCho DPCC (p = 0.286) was positive but nonsignificant. Of 
interest was also the negative association between serum kynurenine levels and tNAA/mIns 
concentrations in left SM1 (Tarquin), tNAA left HPC (Tarquin) and tNAA left MTC (LCModel), 
which may indicate neurodegeneration. When looking at the same results from the other 
1H-MRS post-processing method were these findings were not significant, we found similar 
trends for serum kynurenine and tNAA/mIns in left SM1 (with LCModel p = 0.128), tNAA left 
HPC (with LCModel p = 0.076), and tNAA left MTC (with Tarquin p = 0.053).

Table 4. Effect of age, MoCA and fat% on neurometabolites

LCModel Tarquin

β p-value β p-value

Age tCho/tCr DPCC o.e. 0.252 0.044

tNAA DPCC -0.276 0.027

tCr DPCC -0.315 0.011 -0.305 0.015

tCr l HPC -0.279 0.037

tNAA l SM1 -0.304 0.013

tCr l MTC 0.332 0.013

MoCAa Glx/tCr l MTC 0.299 0.040

tCho DPCC 0.322 0.020

Fat % b tNAA/tCr DPCC -0.314 0.041

Glx/tCr l HPC -0.384 0.019

tNAA/tCr l MTC 0.330 0.044 0.348 0.037

Glx/tCr l MTC 0.388 0.021

tNAA/tCr l SM1 -0.362 0.016 -0.315 0.041

tNAA/tCr r DLPFC -0.338 0.026

Glx DPCC 0.353 0.029

Only statistically significant correlations are presented. See Supplementary tables 4-6 for all 
results. a adjusted for age and educational level, b adjusted for age and sex.
Abbreviations: DLPFC, dorsolateral prefrontal cortex; DPCC, dorsal posterior cingulate cortex; GMV, 
gray matter volume; HPC, hippocampal cortex; l, left; mIns, myoinositol; MoCA, Montreal Cognitive 
Assessment; MTC, medial temporal cortex; o.e., after exclusion of an influential outlier; r, right; SM1, 
primary sensorimotor cortex; tCho, total choline; tCr, total creatine, tNAA, total N-acetyl aspartate.
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Table 5. The effect of inflammatory blood markers adjusted for age, sex and fat% on neurometabolites

LCModel Tarquin

β p-value β p-value

Log IL-6 o.e. Glx/tCr l HPC 0.317 0.033

tNAA/tCr l MTC -0.407 0.011

tCho/tCr l MTC 0.442 0.007

Glx/tCr l MTC 0.425 0.006

Glx l HPC 0.306 0.043

tNAA l MTC -0.486 0.002

Glx l MTC 0.433 0.005

tNAA l SM1 0.403 0.002

Glx rDLPFC 0.339 0.022

Kynurenine tNAA/tCr l MTC -0.312 0.026

tCho/tCr l MTC 0.418 0.003

mIns/tCr l SM1 0.317 0.012

tNAA/mIns l SM1 -0.255 0.039

tCho/tCr rDLPFC 0.297 0.020

mIns DPCC 0.314 0.016

tNAA l HPC -0.317 0.022

tCr l HPC -0.379 0.005

tNAA l MTC -0.364 0.007

tCho l MTC 0.275 0.049

tCho l SM1 0.319 0.015

mIns l SM1 0.278 0.020 0.375 0.005

tCho rDLPFC 0.436 0.001 0.386 0.002

mIns rDLPFC 0.302 0.014

Only statistically significant correlations are presented. See Supplementary tables 8-10 for all 
results, including results before exclusion of the outlier in Log IL-6. Multiple linear regression 
analysis was used adjusted for age, sex and fat%. Abbreviations: DLPFC, dorsolateral prefrontal 
cortex; DPCC, dorsal posterior cingulate cortex; Glx, glutamate-glutamine complex; GMV, gray 
matter volume; HPC, hippocampal cortex; IL-6, interleukin-6; l, left; mIns, myoinositol; MoCA, 
Montreal Cognitive Assessment; MTC, medial temporal cortex; o.e., outlier excluded; r, right; SM1, 
primary sensorimotor cortex; tCho, total choline; tCr, total creatine, tNAA, total N-acetyl aspartate
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Associations between serum IL-6 levels and the neurometabolites were discordant 
between and within post-processing methods LCModel and Tarquin. While tNAA levels in 
the left MTC were decreased, tNAA levels in left SM1 were increased in association with 
high IL-6 levels after processing with LCModel, while results from Tarquin showed the 
same trends but not reaching significance. These LCModel results were also the only two 
associations between IL-6 and neurometabolites that survived the FDR multiple testing 
correction. After processing with Tarquin, we found only an increase in Glx levels related 
to high IL-6 levels. This was significant for left HPC, left MTC and right DLPFC, and close to 
significant for DPCC (p = 0.062), but none of them survived correction for multiple testing.

4. Discussion

We examined the association between serum inflammatory factors and neurometabolic, 
brain volume and cognitive changes, taking into account the effect of age, sex and fat 
%. Our results showed that elevated levels of serum kynurenine were associated with 
signs of neuroinflammation (defined as a concomitant increase in tCho and mIns levels 
(69)) in the left SM1 and right DLPFC after 1H-MRS post-analysis with the LCModel. After 
analysis with Tarquin, only a significant increase in mIns left SM1 and tCho right DLPFC 
was found. After correction for multiple testing, the positive association between serum 
kynurenine and tCho right DLPFC (LCModel and Tarquin) and mIns left SM1 (Tarquin) 
remained statistically significant. Furthermore, we found an association between higher 
kynurenine levels and increases in mIns in the DPCC (Tarquin). This elevation of mIns 
associated with only a trend of increased tCho levels, as seen in DPCC, most likely also 
represents neuroinflammation, as increased levels of mIns are believed to represent 
glial proliferation or an increase in glial cell size (73). Moreover, it has been suggested 
that elevated levels of mIns or mIns/tCr are an early event in the course towards 
Alzheimer’s dementia and can precede tNAA reduction (74). Previous studies have also 
reported a positive correlation between pro-inflammatory factors, IL-8 (44) or C-reactive 
protein (75) and hippocampal mIns levels after processing the 1H-MRS data with the 
LCModel (44) or in a study where the 1H-MRS post-processing analytical method was 
not defined (75). In our study, we did not find a significant relationship between one of 
the measured pro-inflammatory factors and mIns levels in the hippocampus with either 
of the post-processing software packages. An interesting finding was the association 
between peripheral inflammation, as marked by high serum levels of kynurenine, and 
decreases in tNAA/mIns levels in left SM1 (Tarquin). As tNAA/mIns is considered to reflect 
the combination of decreased neural integrity and increased neuroinflammation, which 
may indicate neurodegeneration and was previously found to be related to an increased 
risk of developing clinical Alzheimer’s disease (71). Furthermore, an increase in tCho or 
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tCho/tCr was found in the left MTC in association with elevated levels of serum IL-6 and 
kynurenine in LCModel results. In this case, there was no associated trend of increased 
mIns. However, the left MTC did present significant decreases in tNAA levels in association 
with increased levels of serum IL-6 or kynurenine (LCModel). This elevation of tCho, which 
not coincides with an elevation in mIns, is difficult to interpret, as tCho is a marker of 
increased synthesis and degradation of cellular membranes, which is not only seen in 
local inflammation, but also in several other neurological disorders, including cerebral 
infarctions, multiple sclerosis and malignant tumors (76).

An interesting finding that was only seen in the results obtained after processing 
the 1H-MRS data with Tarquin was the elevation of Glx and Glx/tCr levels in left HPC 
and left MTC in association with higher levels of serum IL-6, adjusted for age, sex and 
fat %. Notably, also in the DPCC and right DLPFC, Glx and Glx/tCr levels were close to 
being significantly positively associated with IL-6 levels, see Supplementary table 9. These 
findings are in line with observations in a recent study by Ho and colleagues who used 
the LCModel post-processing software and reported an association between increases in 
circulating IL-6 and increased concentrations of glutamate in the anterior cingulate cortex 
in adolescents with depression (77). Elevated IL-6 levels have previously also been linked 
to depression in older adults (78) and recent studies also found increases in Glx in the 
anterior or posterior cingulate cortex with LCModel in adolescents with suicidal ideation 
or in cognitively impaired adults (79)(78)(80). It has been suggested that inflammatory 
cytokines can induce an excessive release of glutamate, which results in oligodendrocyte 
excitotoxicity. Over time, oligodendrocyte excitotoxicity leads to white matter damage 
and cell apoptosis (81)(82)(77). In contrast, a meta-analysis showed that Glx levels were 
significantly decreased in the medial frontal cortex in depressed subjects receiving 
antidepressant medication (83). Also in mild cognitive impairment and Alzheimer’s 
disease, most studies showed decreases of brain glutamate and Glx (74)(84). Furthermore, 
most studies have reported a decrease in brain glutamate levels with older age, while 
glutamine was found to increase and Glx to change inconsistently across studies (85)(86).

The discordance between studies and absence of an association between Glx and serum 
IL-6 levels in the LCModel in our study can partly be explained by the very low agreement 
between Tarquin and LCModel results concerning Glx. For all other neurometabolites we 
found an overall moderate to high reliability between the two post-processing software 
packages. This is in line with other studies who also reported that neurometabolites with 
prominent singlets (like tNAA and tCho) show better agreement between linear-combination 
modeling algorithms than signals of lower intensity (like mIns and Glx) (64)(87)(88)(89)(90). 
Based on these findings, it is advised to be careful when interpreting results from studies 
who use only one software package, especially when sample sizes are small and specifically 
when findings concern Glx. It has been advocated that reporting results of more than one 
algorithm may improve the power of 1H-MRS studies (64).
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In this study, serum IL-6 and kynurenine levels were not associated with older age, fat 
%, or cognitive decline. We even found a positive association between serum kynurenine 
and cognitive function. These findings are in contrast to findings from previous studies. 
Considering IL-6, chronic elevations were reported in association with older age (47) and 
obesity (91)(92). In addition, high levels of peripheral IL-6 negatively affected memory and 
learning (93) and correlated with poor overall cognitive performance (94)(95). Moreover, 
high basal IL-6 levels were also associated with an increased risk of future age-related 
cognitive decline (48)(96). In our study, IL-6 levels inversely correlated with hippocampal 
gray matter volume (93)(97), which could only be found in the right HPC before exclusion 
of an outlier in IL-6, see Supplementary table 7. Based on the findings from existing 
literature, it has been suggested that high levels of IL-6 may increase the risk of developing 
neurodegenerative diseases (98). However, our results suggest that serum kynurenine, 
despite its contradictory positive association with cognitive functioning, would be a better 
predictor of neuroinflammation and neurodegeneration than IL-6. Of note, IL-6, though 
widely used as a marker of inflammation, has been suggested to be not only involved in 
pro-inflammatory processes, but to act as a regulator of both pro- and anti-inflammatory 
activity (49). For example, a study in healthy humans showed that the administration 
of IL-6 before an infusion with endotoxin abolished the increase in plasma levels of 
the pro-inflammatory factor TNF-α (99). In contrast, kynurenine is considered a more 
robust marker of inflammation, as several pro-inflammatory cytokines, like CRP, IL-1β, 
IL-6, IL-8, TNF-α and Interferon-gamma (IFN-γ), were shown to enhance the activation of 
indoleamine 2,3-dioxygenase, increasing kynurenine levels, while the anti-inflammatory 
cytokines IL-4 and IL-10 counteracted this increase in kynurenine levels (50)(51)(52)
(53)(54). Furthermore, kynurenine has previously been linked to obesity (57), cognitive 
aging (100), psychiatric disorders (54)(55)(58), brain volume loss (58), neurodegenerative 
disorders (59) and central nervous system injury (50). Taking into account the vast amount 
of evidence in the recent literature and considering our own results, we propose that 
kynurenine can be used as a generic peripheral inflammatory marker that is associated 
with neuroinflammation and neurodegeneration. However, still more research needs 
to confirm the role of elevated kynurenine levels in age-related cognitive decline and 
neurodegenerative diseases.

In conclusion, serum kynurenine levels were positively associated with signs of 
neuroinflammation, specifically in the DPCC, left SM1 and right DLPFC, and signs of 
neurodegeneration, specifically in the left HPC, left MTC and left SM1, after adjusting for age, 
sex and fat %. Interestingly, higher levels of IL-6 were associated with an elevation of Glx levels 
in left HPC, left MTC, and right DLPFC, but only following 1H-MRS post-processing analysis with 
Tarquin. Of note, the agreement between Tarquin and LCModel results was moderate to strong 
for tNAA, tCho, mIns and tCr, but weak to very weak for Glx in all regions of interest. At last, our 
results did not find a link between the peripheral inflammatory markers kynurenine or IL-6 
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and older age, fat %, or cognitive decline. It should be noted that our results are exploratory 
and should be interpreted with caution due to multiple testing. After correcting for multiple 
testing with FDR analysis, the positive association between serum kynurenine and tCho right 
DLPFC (LCModel and Tarquin) and mIns left SM1 (Tarquin) remained statistically significant. 
Furthermore, a discordant finding of an association between higher IL-6 levels and lower tNAA 
levels in the left MTC, but higher tNAA levels in left SM1 survived the correction for multiple 
testing. At last, the negative associations between age and MoCA score and between age and 
GMV in all regions of interest remained statistically significant after the FDR procedure. Further 
analyses are needed to specifically assess the relationship between increases of peripheral 
inflammatory factors and markers of neuroinflammation in older adults and obesity and 
investigate their role in cognitive decline.
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neurometabolism in older adults



Abstract

Obesity and sarcopenia are associated with cognitive impairments at older age. Current 
research suggests that blood biomarkers may mediate this body-brain crosstalk, altering 
neurometabolism and brain structure eventually resulting in cognitive performance 
changes. Seventy-four older adults (60-85 years old) underwent bio-impedance body 
composition analysis, handgrip strength measurements, 8-Foot Up-and-Go (8UG) test, 
Montreal Cognitive Assessment (MoCA), blood analysis of interleukin-6 (IL-6), kynurenine, 
and insulin-like growth factor-1 (IGF-1), as well as brain magnetic resonance imaging (MRI) 
and proton magnetic resonance spectroscopy (1H-MRS), estimating neurodegeneration 
and neuroinflammation. Normal fat% or overweight was associated with larger total 
gray matter volume compared to underweight or obesity in older adults and obesity 
was associated with higher N-acetylaspartate/Creatine levels in the sensorimotor and 
dorsolateral prefrontal cortex. Muscle strength, not muscle mass/physical performance, 
corresponded to lower kynurenine and higher N-acetylaspartate/Creatine levels in 
the dorsal posterior cingulate and dorsolateral prefrontal cortex. The inflammatory 
and neurotrophic blood biomarkers did not significantly mediate these body-brain 
associations. This study used a multimodal approach to comprehensively assess the 
proposed mechanism of body-brain crosstalk.
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Abbreviations
1H-MRS, proton magnetic resonance spectroscopy; BMI, body mass index; CRP, C-reactive 
protein; DLPFC, dorsolateral prefrontal cortex; DPCC, dorsal posterior cingulate cortex; 
ELISA, enzyme-linked immunosorbent assay; EWGSOP, European Working Group on 
Sarcopenia in Older People; FDR, false discovery rate; fat %, body fat percentage; FFM, fat 
free mass; FWHM, full width at half maximum; Glx, glutamate-glutamine complex; GMV, 
gray matter volume; HPC, hippocampal cortex; ICC, intraclass correlation coefficient; IFN-γ, 
interferon-γ; IGF-1, insulin-like growth factor-1; IL-1β, interleukin-1β; IL-4, interleukin-4; 
IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; LCModel, linear combination 
of model spectra; mIns, myoinositol; MoCA, Montreal Cognitive Assessment; MPRAGE, 
magnetization prepared gradient echo; MTC, medial temporal cortex; PRESS, Point 
RESolved Spectroscopy; SM1, primary sensorimotor cortex; SMI, skeletal muscle mass 
index; tCho, total choline; tCr, total creatine; tNAA, total N-acetyl aspartate; TNF-α, tumor 
necrosis factor-α; 8UG, 8-Foot Up-and-Go.

1. Introduction

Age-related cognitive decline (i.e. cognitive aging) is one of the major concerns of the 
presently aging society (Kronschnabl et al., 2021). Poor cognitive function is associated 
with a loss of independence (Tucker-Drob, 2019; Zhu et al., 2008), social withdrawal 
(Sartori et al., 2012), and decreased quality of life (Stites et al., 2018). Even mild declines 
in cognitive abilities can impel an individual to alter his/her activities of daily living, and 
may lead to frustrations (Sartori et al., 2012). It seems inevitable that the big majority 
of our population will someday experience functional deficits due to cognitive aging 
(Petersen, 2011). However, there is a large interindividual variability in the age at which 
people start to experience these functional deficits (Nyberg et al., 2020; Tucker-Drob, 2019). 
This interindividual variability can be explained by genetic and environmental risk factors. 
Importantly, it has been reported that around one in three cases of Alzheimer’s disease 
worldwide could be prevented if we would optimize modifiable risk factors (Livingston et 
al., 2020; Norton et al., 2014). Two well-known modifiable risk factors of cognitive decline 
are obesity and sarcopenia. Both are important contributors to functional deficits at older 
age, as they are not only risk factors of cognitive decline, but also directly contribute to 
physical disabilities (Baumgartner, 2000; Chang et al., 2016; Cipolli et al., 2019; Cournot 
et al., 2006; Mrak, 2009; Peng et al., 2020; Sartori et al., 2012; Tolea and Galvin, 2015). A 
better understanding of the link between cognitive aging and modifiable risk factors, 
such as obesity and sarcopenia, may direct researchers to specific targets for preventing 
cognitive aging.
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Obesity is a major health problem in the current society. The prevalence of overweight 
and obesity is increasing worldwide (Blüher, 2019). Especially in Europe (Peralta et al., 2018) 
and the USA (Ogden et al., 2014), obesity prevalence in older adults has reached epidemic 
proportions. Of importance, a longitudinal study discovered that middle-aged obese adults 
suffer accelerated cognitive aging when compared with non-obese counterparts over a 10 
year follow-up period (Singh-Manoux et al., 2012). It has been suggested that the link between 
obesity and cognitive decline is mediated by a chronic state of inflammation (Beilharz et al., 
2016; Tang et al., 2015). Indeed, adipose tissue is found to be one of the largest sources of 
inflammatory markers in the human body (Woods et al., 2012; Yudkin, 2007). These inflammatory 
markers readily cross the blood brain barrier and may result in neuroinflammation (Agudelo et 
al., 2014; Banks et al., 1995; Fukui et al., 1991). Neuroinflammatory processes can subsequently 
damage neurons in the central nervous system, resulting in a loss of neural integrity or density 
(i.e. neurodegeneration), eventually leading to cognitive decline (Bourgognon and Cavanagh, 
2020; Sartori et al., 2012; Scheiblich et al., 2020). To estimate the level of neuroinflammation 
and neurodegeneration in vivo, proton magnetic resonance spectroscopy (1H-MRS) can be 
adopted. However, only few studies have used this technique in the context of obesity. For 
example, Gonzales et al. (2012), reported that a higher body mass index (BMI) was associated 
with higher levels of neuroinflammation, as expressed by an elevation of the ratio of myo-
inositol (mIns) to creatine (Cr), in the occipitoparietal cortex, which was indirectly related 
to decreased memory performance (Gonzales et al., 2012). Another 1H-MRS study example 
was published by Coplan et al. (2014), who discovered that a higher BMI was associated with 
decreased levels of neural integrity, as expressed by reduced levels of N-acetylaspartate (NAA) 
in the hippocampus (Coplan et al., 2014). Neuroinflammation is also considered to explain 
the increased rate of age-related brain volume loss in the context of obesity, as reviewed by 
García-García et al. (2022). However, the authors of this review only refer to animal studies and 
not to 1H-MRS research when it comes to neuroinflammation. Anyway, the negative effects of 
obesity on brain volume have been described by multiple longitudinal magnetic resonance 
imaging (MRI) studies (Bobb et al., 2014; Shaw et al., 2017). Of interest, a meta-analysis of ten 
cross-sectional studies reported lower brain grey matter volume (GMV) of the left, middle 
and right inferior frontal gyrus, the left precentral gyrus, the left middle temporal cortex and 
the cerebellum, while there was a larger GMV of the left cuneus, left middle frontal gyrus, left 
inferior occipital gyrus and corpus callosum in obese young and older adults (Herrmann et 
al., 2019). Another longitudinal study using whole-body MRI reported that specifically liver 
fat, muscle fat infiltration and weight-to-muscle ratio were predictors of accelerated brain 
aging (Beck et al., 2022).

Sarcopenia is another health concern with increasing societal prevalence (Ethgen 
et al., 2017). Importantly, older adults with sarcopenia are six times more likely to have 
a combined cognitive and physical impairment compared to healthy controls (Tolea and 
Galvin, 2015). Tolea and Galvin (2015) discovered that lower muscle strength, and not 
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muscle mass, was related to cognitive impairment (Tolea and Galvin, 2015). Other studies 
have also recognized muscle strength as a better predictor of other adverse outcomes, 
which has led to the decision to revise the 2010 European Working Group on Sarcopenia in 
Older People (EWGSOP) definition of sarcopenia. In the new definition that was published 
in 2019, muscle strength is now the principal determinant of sarcopenia instead of muscle 
mass (Cruz-Jentoft et al., 2019). There is abundant evidence that muscle strength and 
muscle mass should be considered separate health markers that are regulated differently 
(Clark and Manini, 2008). This warrants the need to investigate each of the components 
of sarcopenia separately. Similar to obesity, sarcopenia has also been linked to chronic 
inflammation (Beyer et al., 2012; Tuttle et al., 2020). However, to our knowledge, no human 
1H-MRS studies exist that have examined the link between (components of) sarcopenia 
and neuroinflammation. Concerning the link between (components of) sarcopenia and 
brain volume, the literature is also limited. However, some studies have shown a positive 
correlation between brain volume and muscle mass (Burns et al., 2010; Kilgour et al., 
2014) or physical performance assessed as gait speed (Rosano et al., 2005; Silbert et 
al., 2008). We also found one longitudinal study with a four year follow-up that showed 
associations between sarcopenia at baseline and increased parietal GMV atrophy, lower 
muscle strength at baseline and larger age-related decreases in total brain GMV, and 
lower muscle mass at baseline and larger age-related decreases in total GMV, frontal GMV 
and occipital GMV (Yu et al., 2021). In addition to its link with inflammation, sarcopenia 
has also been associated with lower levels of insulin-like growth factor-1 (IGF-1) (Bian 
et al., 2020). This hormone is considered to be critical for neuroplastic processes in 
the adult brain (Frater et al., 2018; Vints et al., 2022b). Like the age-related increases in 
inflammation in our blood circulation, the age-related reduction in circulating IGF-1 levels 
is also suggested to play a role in cognitive aging (Frater et al., 2018).

The aim of the current study was to provide a comprehensive overview on the proposed 
mechanisms underlying body-brain crosstalk in the context of obesity and sarcopenia (Figure 
1) by assessing how (1) body fat percentage (fat%), and (2) muscle strength, muscle mass, and 
physical performance are associated with serum inflammatory and neurotrophic factor levels, 
markers of neuroinflammation and neural integrity, total and regional brain GMV and general 
cognitive function. In accordance with the literature provided above, we hypothesized that 
high fat%, low muscle strength, low muscle mass and poor physical performance would be 
associated with high serum inflammatory and low neurotrophic factor levels, high markers 
of neuroinflammation and low neural integrity, low total and regional brain volumes, and 
poor general cognitive function (Gonzales et al., 2012; Herrmann et al., 2019; Scheiblich et 
al., 2020; Tang et al., 2015; Tolea and Galvin, 2015; Yudkin, 2007). Finally, we predicted that the 
blood serum biomarkers would be possible mediators of the relationship between body and 
brain/cognitive function. We hypothesized that the neurotrophic marker insulin-like growth 
factor-1 (IGF-1) would play a role in mediating the relationship between strong older adults 



176

Chapter 4

or older adults with large muscular volume and markers of brain health or high cognitive 
test scores (Bian et al., 2020; Frater et al., 2018; Vints et al., 2022b), while we hypothesized that 
the inflammatory blood biomarkers interleukin-6 (IL-6) and kynurenine would play a role in 
mediating the relationship of high fat%, poor strength, low muscle mass or poor physical 
performance with poor brain health measures and poor cognitive performance (Beyer et al., 
2012; Sartori et al., 2012; Tang et al., 2015; Vints et al., 2022a).

To the best of our knowledge, we are the first to profoundly explore the mediating 
effect of blood biomarkers on brain health and general cognition in the concept of the 
link between fat% and the brain and the link between components of sarcopenia and 
the brain in older adults. This paper may lead to a better understanding of the influential 
effect of different aspects of body composition and muscular fitness on brain health and 
cognitive function. Ultimately, this knowledge may serve in designing treatment strategies 
aiming to prevent age-related cognitive decline.

Figure 1. Schematic hypothetical framework of the relationship between obesity or sarcopenia and 
cognitive aging via alterations in blood biomarkers, neurometabolites and brain volume

2. Material and methods

2.1 Participants and setting
Participants were 74 apparently healthy male and female adults aged from 60 to 85 years old 
that were from the same pool of participants as in the study of Vints et al. (2022a) recruited 
as described previously (Vints et al., 2022a). The exclusion criteria included a diagnosis of a 
psychiatric or neurological disorder or the use of centrally acting medication in the last five 
years. Participants were physically healthy and able to perform 10 sit-ups, but they did not 
participate in any regular exercise program in the last six months. We excluded participants 
with current alcohol or drug abuse. Additionally, excluded participants were those with 
diabetes mellitus, or with oncologic disorders or a history of chemotherapy treatment. At 
last, we followed the exclusion criteria for MRI scanning derived from a checklist provided 
by the department of radiology at the Lithuanian University of Health Science. This list 
excluded participants with MRI-incompatible implants, claustrophobia, or a weight over 130kg. 
Participants could voluntarily withdraw from the study at any time. The study was approved 
by the Kaunas Regional Biomedical Research Ethics Committee (No. BE-10-7) and a written 
informed consent was obtained from all participants prior to their inclusion in the study.
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2.2 Demographic characteristics
All participants were asked to report age, sex, smoking status and educational level (i.e. 
basic education, secondary education or higher education). Furthermore, the Montreal 
Cognitive Assessment (MoCA) test was conducted by a qualified health care specialist 
in psychiatry (co-author SK) to evaluate the cognitive status of the participants. The 
MoCA test is reliable and sensitive screening tool to evaluate the risk of mild cognitive 
impairment in the geriatric population (Bruijnen et al., 2020; Nasreddine et al., 2005). It 
consists of an assessment of seven cognitive domains: executive functioning/ visuospatial 
abilities; naming; memory; attention, language; abstract reasoning; and orientation. 
The maximum total score is 30 points, where a higher score indicates better cognitive 
functioning. As indicated on the MoCA test instructions, one point was added to the score 
if a participant did not complete a higher education. Nasreddine et al. 2005 proposed 
that total MoCA scores of 25 or below indicate a high risk for mild cognitive impairment 
(Nasreddine et al., 2005). Based on this cutoff, 52.1% of the included participants had 
mild cognitive impairment. The lowest MoCA test score in our study was 19. None of the 
included participants were considered to have Alzheimer’s dementia, based on MoCA test 
cutoffs and clinical evaluation by a psychiatrist (co-author SK).

At last, we assessed the participants’ body mass index (BMI) and measured their 
body fat percentage (fat%) and fat free mass using leg-to-leg bio-impedance analysis 
(BIA, Tanita TBF-300-A). Standing leg-to-leg BIA, also called bipolar or foot-to-foot BIA, 
measures impedance through an electronic pathway of the lower extremities, and is 
widely used as an easy, noninvasive and inexpensive method to estimate whole-body 
composition (Wu et al., 2015). It is considered a valid method for the estimation of total 
body fat free mass (Cable et al., 2001) and total body fat% (Ritchie et al., 2005). Analysis 
with fat% is considered an improved phenotypic characteristic over BMI when assessing 
participants’ health (Gallagher et al., 2000). For non-Asian adults aged 60 years and over, 
a healthy fat% lies between 24 and 36% for women and 13 and 25% for men. Any values 
below correspond to underweight, and above correspond to overweight. Obesity as a 
measure of fat% starts from 42% for women and 30% for men (Gallagher et al., 2000).

2.3 Functional assessment
Based on the revised European Working Group on Sarcopenia in Older People 2019 
(EWGSOP2) criteria (Cruz-Jentoft et al., 2019), participants were categorized in three groups, 
(1) probable sarcopenia (i.e. low muscle strength), (2) confirmed sarcopenia (i.e. low muscle 
strength + low muscle quality or quantity) or (3) severe sarcopenia (i.e. low muscle strength 
+ low muscle mass + low physical performance). We used handgrip strength of the right 
hand as a measure for muscle strength, BIA-estimated skeletal muscle mass index (SMI, 
see formula below) as a measure of muscle quantity, and the 8UG test as a measure of 
physical performance, using cut-off values presented in Table 1 (Cruz-Jentoft et al., 2019).
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Measures of muscle mass:
- Skeletal muscle mass index (kg/m²): leg-to-leg BIA was used to estimate the SMI. First, 
absolute skeletal muscle mass was calculated using the BIA equation from a previous 
study (Janssen et al., 2000): Absolute skeletal muscle mass (kg) = [0.401 × (height²/
resistance) + (3.825 × sex) - (0.071 × age) + 5.102], where height is in cm; resistance is in 
ohms; for sex, men = 1 and women = 0; and age is in years. Absolute skeletal muscle mass 
measured with leg-to-leg BIA was shown to provide accurate results on a group level 
(Bosy-Westphal et al., 2008). Second, SMI was calculated by dividing absolute skeletal 
muscle mass by height in meters squared (kg/m²) (Chien et al., 2008). Third, we also 
reported the fat free mass (kg) as given by the BIA.

Measures of muscle strength:
- Handgrip strength (kg): Participants’ handgrip strength of the right hand was measured 
using a dynamometer (JAMAR 11940248 Adjustable Hand Grip Strength Testing System) in 
standing position. The grip size was adjusted so that the second joint of the index finger 
was at a 90 degree angle on the handle. After a first try at submaximal effort, participants 
were instructed to squeeze the handle as hard as they can. The test was performed two 
times with 1 min rest period between trials, and the highest value was used for analysis.

Measures of physical performance:
- 8-Foot Up-and-Go test (s): The 8UG test was performed as described for the Fullerton 
Fitness Test and assesses a person’s agility and dynamic balance (Kirschke et al., 2006). 
The test result is the time required for a person to rise from an armless chair, walk 8 
feet (2.44 m), turn around a cone and return to the sitting position as fast as possible. 
Participants were given two trials with 1 min rest period in seated position, and the trial 
with shortest time was used for analysis.

In addition, we described self-reported physical activity level based on self-reported 
light/moderate/high intense exercise time per week. Based on the time participants 
described to perform a specific type of physical activity, the total calories burned during 
exercise per week were estimated. The following equation was used based on previous 
research from Sjostrom et al. (2005): Total kcal/week burned during exercise = the sum of 
days performing light/moderate/vigorous intense exercise × average time/day performing 
light/moderate/vigorous intense exercise × F, where F is 8.0 for vigorous intense exercise, 
4.0 for moderate intense exercise and 3.3 for light intense exercise. Total weekly kcal 
burned with exercise was used to estimate physical activity level of the participants, with 
participants burning < 600 kcal/week defined as sedentary, 600-3000 kcal/week defined 
as moderately physically active, and participants burning > 3000 kcal/week defined as 
highly physically active (Sjostrom et al., 2005).
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2.4 Blood serum analysis
Blood samples were drawn between 9 a.m. and 1 p.m. by a qualified medical professional. 
Blood was collected at the antecubital vein in 5 mL serum separator tubes. Immediately 
after collection, tubes were gently inverted 8-10 times and allowed to clot for 30 min 
at room temperature. Then, the tubes were centrifugated at 4000 g for 15 min. Finally, 
blood serum was aliquoted into 1.5 mL polypropylene tubes and stored at -80°C in 
the refrigerator compartment of the laboratory of the Lithuanian Sports University until 
further analysis with enzyme-linked immunosorbent assay (ELISA). After completion of the 
study, ELISA tests for IL-6, kynurenine and IGF-1 were analyzed with a spectrophotometer 
(Spark 10M, Tecan Group Ltd., Zürich, Switzerland) by an experienced lab technician.

Table 1. Variables and cut-off values for diagnosis of sarcopenia

Criterion Measurement method Cut-off points by sex

Muscle strength Handgrip strength • Men: < 27.0 kg

• Women: < 16.0 kg

Muscle mass BIA-predicted SMI • Men: ≤ 8.9 kg/m²

• Women: ≤ 6.4 kg/m²

Physical performance 8-foot Up-and-Go test (2.44m) • Men: > 9.2 s

• Women: > 10.0 s

Cut-off values were based on EWGSOP2 consensus recommendations (Cruz-Jentoft et al., 2019). Cut-
off values for handgrip strength were derived from the study of Dodds et al. (2014). The EWGSOP2 
describes a cut-off for SMI derived from a dual-energy X-ray absorptiometry (DXA) study, while in 
our study BIA was used to estimate SMI. They also suggest the 3m Timed Up-and-Go test, while 
we used the American alternative, the 8-foot Up-and-Go test. Therefore, we calculated the cut-off 
values for the BIA-predicted SMI and 8-foot Up-and-Go test from the studies of Janssen et al. 
(2000) and Rikli and Jones (1999) respectively, according to the EWGSOP2 recommendation to place 
cut-off points at two standard deviations from the mean reference value.
Abbreviations: BIA, bio-impedance analysis; EWGSOP2, European Working Group on Sarcopenia in 
Older People; SMI, skeletal muscle mass index

IL-6 levels were analyzed using a commercially available ELISA kit purchased from 
DIAsource ImmunoAssays S.A., Belgium (KAP1216). The lower limit of detection was 2 pg/
mL. Kynurenine levels were analyzed using a commercially available ELISA kit purchased 
from MyBiosource, Inc., USA. The lower limit of detection was 45.7 ng/mL. IGF-1 levels were 
measured using a commercially available ELISA kit purchased from IBL International, 
GMBH, Germany (MD58011). The lower limit of detection was 0.03 ng/ml.
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2.5 Brain imaging and 1H-MRS
Whole brain MRI and 1H-MRS scanning was performed using a 3 Tesla Skyra scanner 
(Siemens Healthineers, Erlangen, Germany) with a 32-channel receiver head coil. Total 
scanning duration was 90 min per participant.

Total and regional gray matter volumes (GMV) were calculated from 3D magnetization 
prepared gradient echo (MPRAGE) images acquired from high-resolution T1-weighted 
(T1W) structural MRI (repetition time (TR) = 2200 ms, echo time (TE) = 2.48 ms, 0.9 × 0.9 
× 1.0 mm³ voxels, field of view: 230 × 256 mm, number of sagittal slices = 176) using the 
FreeSurfer software v7.1.1 (Harvard, MA, USA, http://surfer.nmr.mgh.harvard.edu/). Regions 
of interest were the dorsal posterior cingulate cortex (DPCC), left and right hippocampal 
cortex (HPC), left middle temporal cortex (MTC), left primary sensorimotor cortex (SM1) 
and right dorsolateral prefrontal cortex (DLPFC). A detailed description of the FreeSurfer 
regions was presented previously in Vints et al. (2022a).

Regional voxel-based neurometabolite levels were calculated from 1H-MRS spectra 
using a Point RESolved Spectroscopy (PRESS) sequence (TR = 2000 ms, TE = 30 ms, number 
of averages = 128, spectral bandwidth = 2000 Hz, data size = 1024 points) with chemical shift 
selective water suppression (sequence svs_se_30). A detailed description of the 1H-MRS 
methods is presented in Appendix B based on the minimum reporting standards of the 
MRSinMRS experts’ consensus recommendations (Lin et al., 2021). Voxels were placed on 
the DPCC, left HPC, left MTC, left SM1 and right DLPFC; see Figure 2. A detailed description 
of the voxel position was described previously in Vints et al. (2022a). Voxel sizes were: (i) 
1.6 × 1.6 × 1.6 cm³ in the DPCC, left SM1 and right DLPFC voxels, (ii) 20 × 12 × 16 cm3 in the 
left MTC and (iii) 26 × 12 × 12 cm3 in the left HPC. Voxel-specific shimming was performed 
using automated B0-field mapping followed by manual adjustment to reduce the water 
signal full width at half maximum (FWHM) below 15 Hz. The MR spectra were processed 
using the linear combination of model spectra (LCModel, version 6.3.1-R). In total 340 
spectra (i.e. 68 participants × 5 voxels of interest) were acquired. Only spectra with FWHM 
< 15 Hz, signal-to-noise ratio > 5 were considered of sufficient quality to be included. All 
included neurometabolites were quantified with a Cramér-Rao lower bound <20%. 1H-MRS 
spectra were visually checked to ensure the absence of artifacts prior to quantification. 
This resulted in the elimination of 57 spectra (8.4%). The number of participants (n = 74) 
from whom good quality measurements could be attained ranged from 56 (75.7%) for the 
left MTC to 67 (90.5%) for the right DLPFC. The number of retained spectra per voxel of 
interest are presented in Supplementary table A.1. 1H-MRS quantifiable neurometabolites 
were (1) total NAA (tNAA) composed of N-acetylaspartate and N-acetylaspartylglutamate, 
(2) total creatine (tCr) composed of creatine and phosphocreatine, (3), total choline 
(tCho) composed of phosphorylcholine and glycerophosphocholine, (4) mIns, and (5) Glx 
composed of glutamate and glutamine. Both water-referenced levels of tNAA, tCr, tCho, 
mIns, and Glx and ratios relative to tCr were calculated for each voxel location. For tNAA 
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also the ratio relative to mIns was calculated. The main outcome measures were tNAA/
tCr, as a marker of neural integrity or neural density, mIns/tCr, as a marker of glial cell 
proliferation or neuroinflammation, and the ratio of tNAA/mIns. Results from analyses 
with the other neurometabolites (namely tCho and Glx) are only presented in Appendix 
A. We noted that in general the same conclusions could be drawn from the relative and 
absolute, water-referenced, neurometabolite levels. Therefore, observations including the 
water-referenced neurometabolite levels are also only presented in Appendix A.

Figure 2. Example voxel positions and spectra from a representative participant

Voxel positions are presented on the left side of the figure. Raw (black curve) and fitted (red curve) 
spectra from LCModel are illustrated for the left HPC on the right side of the figure.

Abbreviations: Cho, total choline; Cr, creatine + phosphocreatine; DLPFC, dorsolateral prefrontal 
cortex; DPCC, dorsal posterior cingulate cortex; Glx, glutamate-glutamine complex; HPC, hippocampal 
cortex; mIns, myoinositol; MTC, medial temporal cortex; NAA, N-acetyl aspartate; SM1, primary 
sensorimotor cortex.

2.6 Statistical analysis
Statistical analysis was performed using SPSS Statistics version 27 (IBM Inc, Chicago USA). 
The data was first checked for extreme outliers (defined as lying more than three times 
interquartile range from the mean) and normal distribution (defined as kurtosis and 
skewness between -2 and +2 and checked graphically using PP plots and histograms) 
(George and Mallery, 2010). IL-6 levels were log transformed, as they did not meet the 
normality assumption.
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2.6.1 Investigation of sex differences
To evaluate the effect of sex differences on nominal variables, we used χ2 or Fisher Exact 
statistics. To compare continuous variables between sexes, a two-sided independent t-test 
was performed.

2.6.2 Investigations of body-brain or body-blood biomarker associations
Multiple linear regression adjusted for age and sex was used to assess how fat% was 
related to serum levels of IL-6, kynurenine and IGF-1, brain total and regional GMV 
measures and cognition. In addition, each association with brain volume measurements 
in this paper was adjusted for intracranial volume. Assessments of relationships with SMI 
were not adjusted for age and sex, as the formula used to calculate absolute skeletal 
muscle mass already contains these factors. Associations with right handgrip strength 
as well as with performance on the 8UG test were adjusted for age, sex, and body fat%. 
Appendix A also includes these associations adjusted for age, sex and BMI.

2.6.3 Mediation analysis
We investigated if differences in blood biomarker levels could be part of the underlying 
mechanism responsible for relationships between body and brain outcome measures 
by using mediation analysis. Blood biomarkers that showed significant associations with 
fat%, handgrip strength, SMI or the 8UG test result (significant body-blood biomarker 
associations) were considered possible mediators of the significant associations between 
fat%, handgrip strength, SMI or 8UG test results and brain volume or neurometabolite 
levels. Mediation analysis was performed using model 4 of the SPSS macro named PROCESS, 
developed by Hayes (2022), including age, sex and fat% as covariates. This macro was used 
to calculate the indirect effect of the blood biomarker on the body-brain interaction. The 
indirect effect was presented as a 95% confidence interval determined using 5000 stratified 
bootstrap samples. Effect sizes were R²med values, representing the proportion of variance 
attributed to the indirect effect by the mediator, which is calculated by subtracting the R² 
of the model including the mediator by the R² of the model without the mediator (Fairchild 
et al., 2009). The direct effects between the variables included in the mediation model were 
derived from the multiple regression analysis described in section 2.6.2.

2.6.4 Interpretation of statistical significance
For the purpose of this exploratory study, p-values below 0.05 were considered statistically 
significant. In addition, we tested if these p-values survived correction for multiple testing 
with false discovery rate (FDR) analysis (Benjamini and Hochberg adjustment) (Benjamini and 
Hochberg, 1995). The FRD procedure was done multiple times for each of the independent 
variables (fat%, right handgrip strength, SMI, and 8UG test) for all p-values presented in 
Supplementary Tables A.2-A.17. It should be noted that the results surviving the multiple 
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testing adjustment are strong, whereas interpretation of the remaining results should be 
made with caution. The authors confirm that the data supporting the findings of this study 
are available within the article and/or its supplementary materials, see Appendix C.

3. Results

3.1 Participant characteristics
Participant characteristics are described in Table 2. The difference between sexes found 
for fat%, SMI, absolute skeletal muscle mass, fat free mass and handgrip strength survived 
FDR correction for multiple testing. Of all 74 participants, only one man and two women 
were diagnosed with probable sarcopenia according to the EWGSOP2 criteria, based on a 
low muscle strength. None of the participants was diagnosed with confirmed sarcopenia. 
In total, three participants scored below the sarcopenia cut-off level for muscle quantity 
measured as SMI with BIA and one scored above the sarcopenia cut-off time for physical 
performance based on the 8UG test. Of note, multiple linear regression analysis showed 
that higher fat% was correlated with a higher right handgrip strength (p = 0.022) after 
adjusting for age and sex, but with a lower SMI (p = 0.017).

3.2 Higher fat% correlates with decreases in brain volume and 1H-MRS markers of neural 
integrity
Multiple linear regression analysis did not reveal any significant correlations between fat% 
and serum IGF-1, IL-6 or kynurenine levels, between fat% and brain volume, nor between 
fat% and MoCA scores, see Table 3 and Supplementary Table A.2. However, total GMV seemed 
to be non-linearly related to fat%. Graphical representation showed that participants with 
underweight based on measures of fat% (Gallagher et al., 2000) in our study (n=2) have 
lower total GMV, indicating there is most probably a hyperbolic relationship between fat% 
and total GMV, see Figure 3. Therefore, we repeated linear analysis after excluding the two 
participants that fell into the underweight category. After exclusion of the two underweight 
participants, higher levels of fat% were associated with lower total GMV (p = 0.021), right 
HPC GMV (p = 0.005), and left MTC GMV (p = 0.040). The negative association between fat% 
after exclusion of the two underweight participants and total GMV, right HPC GMV and left 
MTC GMV survived the FDR correction for multiple testing.

Some neurometabolite levels were associated with fat% in specific brain regions. The 
most notable was the significant association between higher fat% and lower tNAA/tCr 
levels in three of the five regions of interest, a negative association for the left SM1 and 
right DLPFC, but a positive association for the left MTC, see Table 4 and Supplementary 
Table A.3. None of these significant results survived correction for multiple testing with 
the FDR procedure.
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Table 2. Participant characteristics and sex differences

Men
(n = 34)

Women
(n = 40)

Total
(n = 74)

p-value

Age 70.8 (6.0) 68.2 (6.1) 69.4 (6.2) 0.069

Montreal Cognitive Assessment 25.0 (3.1) 25.3 (2.7) 25.2 (2.9) 0.747

Education:

• Higher

• Secondary

• Basic

26 (35.6%)

7 (9.6%)

1 (1.4%)

31 (42.5%)

7 (9.6%)

1 (1.4%)

57 (78.1%)

14 (19.2%)

2 (2.7%)

0.953

Smoker 1 (1.4%) 2 (2.7%) 3 (4.1%) 0.562

Body mass index (kg/m²) 28.6 (5.4) 27.5 (4.5) 28.0 (4.9) 0.361

Fat % 26.3 (8.7) 35.8 (7.8) 31.4 (9.4) <0.001***

Sarcopenia:

• possible sarcopenia

• confirmed sarcopenia

• severe sarcopenia

0 (0%)

1 (1.4%)

0 (0%)

0 (0%)

0 (0%)

2 (2.9%)

0 (0%)

0 (0%)

0 (0%)

3 (3.3%)

0 (0%)

0 (0%)

NA

Skeletal muscle mass index (kg/m²) 10.9 (1.3) 8.5 (1.0) 9.6 (1.7) < 0.001***

Absolute skeletal muscle mass (kg) 32.9 (4.6) 22.2 (2.8) 27.1 (6.6) < 0.001***

Fat free mass (kg) 62.5 (7.0) 44.8 (3.6) 52.9 (10.4) < 0.001***

Handgrip strength (kg) 42.4 (6.1) 25.0 (4.5) 31.8 (10.0) < 0.001***

8-Foot Up-and-Go test (s) 4.9 (1.4) 4.7 (0.9) 4.8 (1.1) 0.273

Self-reported kcal/week burned with 
physical activity

5600 (4025) 3534 (2512) 4353 (3322) 0.273

Estimated physical activity level:

• sedentary

• moderately active

• highly active

2 (2.8%)

12 (16.7%)

19 (26.4%)

3 (4.2%)

17 (23.6%)

19 (26.4%)

5 (6.9%)

29 (39.2%)

38 (51.4%)

0.754

Continuous parameters are expressed as mean values (standard deviation); categorical parameters 
are expressed as n (% of total).* p < 0.05, ** p < 0.01, *** p < 0.001 (not FDR corrected). Abbreviations: 
NA, not applicable
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Table 3. How fat %, skeletal muscle mass index, right handgrip strength and physical performance 
on the 8-Foot Up-and-Go test relate to brain gray matter volume and peripheral inflammation

β p-value

Fat %a - - -

Fat % after exclusion of underweight participantsa Total GMV -0.190 0.021

Right HPC GMV -0.374 0.005

Left MTC GMV -0.421 0.040

SMI - - -

Right handgrip strengthb Kynurenine
Total GMV

-0.498
0.334

0.045
0.018

8UG time o.e.b - - -

Only statistically significant correlations (not FDR corrected) are presented. See Supplementary 
Tables A.2, A.4, A.8, and A.16 for all results. β represents the standardized regression coefficient. 
a adjusted for age and sex, b adjusted for age, sex and fat %. Additionally, associations with 
GMV were adjusted for total intracranial volume. Abbreviations: DLPFC, dorsolateral prefrontal 
cortex; DPCC, dorsal posterior cingulate cortex; GMV, gray matter volume; HPC, hippocampal cortex; 
mIns, myoinositol; MTC, medial temporal cortex; o.e., outlier excluded; SMI, skeletal muscle mass 
index; SM1, primary sensorimotor cortex; tCho, total choline; tCr, total creatine, tNAA, total N-acetyl 
aspartate; 8UG, 8-Foot Up-and-Go test.

3.3 Higher skeletal muscle mass index is associated with decreased levels of neural 
integrity markers
Linear regression analysis found no correlation between SMI and IGF-1, IL-6 or kynurenine 
levels, nor between SMI and MoCA test scores. Multiple linear regression analysis did 
also not result in any significant associations between SMI and brain volume in any of 
the regions of interest, see Table 3 and Supplementary Table A.4. In contrast to what we 
expected, SMI was negatively associated with tNAA/tCr in the left SM1 (p = 0.011), see 
Table 4; for all results see Supplementary Table A.5. However, this result did not remain 
significant after correction for multiple testing with the FDR procedure.
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3.4 Increased handgrip strength is associated with higher markers of neural integrity, 
and lower levels of peripheral and neural inflammatory markers
Multiple regression analysis showed that higher right handgrip strength was associated 
with lower kynurenine levels (p = 0.045) and larger total GMV (p = 0.018). Additionally, a 
positive association was found between right handgrip strength and tNAA/tCr levels in 
the DPCC (p = 0.006) and right DLPFC (p = 0.022) and between right handgrip strength and 
mIns/tCr levels in the left MTC (p = 0.012), see Tables 3 and 4, and Supplementary Tables 
A.8 and A.9. None of the results remained significant after correction for multiple testing 
with the FDR procedure.

Figure 3. How body fat percentage relates to total gray matter volume
The bars display the mean and the whiskers the standard errors of total gray matter volume (mm³) 
for underweight (n = 2), normal fat % (n = 29), overweight (n = 23), and obese (n = 17) participants, 
based on fat % based weight categories defined by Gallagher et al. (2000) (Gallagher et al., 2000). 
The figure shows that underweight and obese participants have lowest gray matter volumes.
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3.5 Better physical performance on the 8UG test was associated with lower markers of 
neural integrity and higher levels of neuroinflammation
Before analysis of associations with 8UG test results, we excluded an extreme outlier. 
Results from multiple linear regression analysis before exclusion of the outlier are 
described in Supplementary Tables A.10-A.13. Multiple linear regression analysis did not 
show any significant associations between 8UG test time and serum biomarker levels 
or scores on the MoCA test, nor with any of the brain volumes after exclusion of this 
outlier. Associations with neurometabolic biomarkers showed that a longer time needed 
to complete the 8UG test was associated with higher levels of tNAA/mIns in the left MTC 
(p = 0.039), see Table 4 and Supplementary Tables A.16 and A.17. However, this result did 
not remain significant after correction for multiple testing with the FDR procedure.

Table 4. How fat %, skeletal muscle mass index, right handgrip strength and physical performance 
on the 8-Foot Up-and-Go test relate to neurometabolite levels

β p-value

Fat %a tNAA/tCr l SM1 -0.362 0.016

tNAA/tCr l MTC 0.330 0.044

tNAA/tCr r DLPFC -0.338 0.026

SMI tNAA/tCr l SM1 -0.316 0.011

Right handgrip strengthb tNAA/tCr DPCC 0.647 0.006

mIns/tCr l MTC 0.667 0.012

tNAA/tCr r DLPFC 0.524 0.022

8UG time o.e.b tNAA/mIns l MTC 0.305 0.039

Only statistically significant correlations (not FDR corrected) are presented. See Supplementary 
Tables A.3, A.5, A.9, and A.17 for all nonsignificant results. β represents the standardized regression 
coefficient. a adjusted for age and sex, b adjusted for age, sex and fat %. Abbreviations: DLPFC, 
dorsolateral prefrontal cortex; DPCC, dorsal posterior cingulate cortex; GMV, gray matter volume; 
HPC, hippocampal cortex; l, left; mIns, myoinositol; MoCA, Montreal Cognitive Assessment; MTC, 
medial temporal cortex; o.e., after exclusion of an influential outlier; r, right; SMI, skeletal muscle 
mass index; SM1, primary sensorimotor cortex; tCho, total choline; tCr, total creatine, tNAA, total 
N-acetyl aspartate; 8UG, 8-Foot Up-and-Go test.
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3.6 The mediating effect of blood biomarkers on the body-brain crosstalk
Based on our hypotheses and the associations presented above, kynurenine was 
considered a possible mediator of the relationships between right handgrip strength 
and the following brain outcome measures: (1) total GMV (direct effect: b = 1577.053, p = 
0.018) , (2) tNAA/tCr levels in the DPCC (b = 0.007, p = 0.006) and right DLPFC (b = 0.006, p = 
0.022), and (3) mIns/tCr levels in the left MTC (b = 0.010, p = 0.012). Our data showed that 
the indirect effect of the mediation analysis was not significant for all aforementioned 
outcome measures (all R²med values ≤ 0.011). Thus, we found no evidence for a mediating 
effect of kynurenine on any of the above-mentioned associations. The indirect and direct 
effects are presented in Figure 4.

Right handgrip 
strength Total GMV

tNAA/tCr DPCC

mIns/tCr left MTC

tNAA/tCr right DLPFC

Kynurenine

b = 1577.053* Indirect: b = -18.562 
(-194.017; 62.926)
R²med = 0.011

Indirect: b = 0.000
(-0.002; 0.001)
R²med = 0.001

Indirect: b = 0.000
(-0.003; 0.003)
R²med = 0.005

Indirect: b = 0.000 
(-0.002; 0.002)
R²med = 0.002

Figure 4. Mediation model

Effect of right handgrip strength on total GMV, tNAA/tCr DPCC, mIns/tCr left MTC and tNAA/tCr right 
DLPFC with kynurenine as a potential mediator. Solid arrows indicate direct pathways, the dashed 
arrows indicate the indirect pathways. Correlation coefficients with the respective p-values are 
presented, * p < 0.05, ** p < 0.01, *** p < 0.001 (not FDR corrected). The correlation coefficient of the 
indirect effect is presented with a 95% confidence interval and R²med effect sizes, representing 
the proportion of variance attributed to the indirect effect by the mediator. Abbreviations: DLPFC, 
dorsolateral prefrontal cortex; DPCC, dorsal posterior cingulate cortex; GMV, gray matter volume; 
mIns, myoinositol; MTC, medial temporal cortex; tCr, total creatine, tNAA, total N-acetyl aspartate.
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4. Discussion

This paper is original in its holistic view on examining body fat% and components of 
sarcopenia (muscle strength, muscle mass and physical performance) and the relationship 
with brain volume, neurometabolite levels and general cognition. The investigation was 
complemented with the assessment of inflammatory biomarkers (IL-6 and kynurenine) 
and the neurotrophic blood biomarker IGF-1 as possible mediators of the link between 
body and brain. Mediation analysis did not confirm a significant indirect effect of the blood 
biomarkers on any of the outcomes and the nonsignificant findings had low effect sizes.

Our results suggest a hyperbolic relationship between fat % and total GMV, with 
lowest levels of total GMV in the two underweight participants included in our study. This 
is in line with a study who reported that participants with anorexia nervosa have lower 
GMV. Following weight gain, these participants showed a significant increase in their 
GMV in this study (Roberto et al., 2011). After excluding the two underweight participants 
from our study, higher fat % was significantly associated with lower total GMV, right HPC 
GMV and left MTC GMV. These findings remained significant after correction for multiple 
testing. Similar results have also been reported in several other studies (Dekkers et al., 
2019; Hamer and Batty, 2019; Opel et al., 2020). One of these studies reported that higher 
fat % is also associated with decreased subcortical GMV (Dekkers et al., 2019).

Our analysis revealed only weak associations between body composition, muscular 
fitness, and physical performance measures and the 1H-MRS measures. None of our 
results survived the FDR procedure to correct for multiple testing. This may be due to 
the exploratory nature of this study, including a large amount of statistical tests. Taken 
together, our observations provide evidence for plausible underlying effects of high body 
fat% and components of sarcopenia on brain health. However, our results not surviving 
correction for multiple testing, should be interpreted with caution, especially if they are 
not supported by further research, as will be discussed below.

An interesting finding from our study was that higher fat %, adjusted for age and 
sex, was associated with lower levels of neural integrity biomarker tNAA/tCr in the left 
SM1, and right DLPFC, but an increase in tNAA/tCr levels in the left MTC. Lower levels of 
neural integrity in overweight adults has also been described in another study, but this 
study only investigated tNAA levels in the HPC (Coplan et al., 2014).

At this point, we cannot explain why the opposite relationship was found concerning 
the fat% to tNAA/tCr relationship in the left MTC compared to the left SM1 and right 
DLPFC. Furthermore, we could not find the link we expected between fat % and peripheral 
or neural inflammation, and we did not discover an association with MoCA scores. In 
previous studies, obesity has been advocated as a possible cause of chronic low-grade 
inflammation (Mangge et al., 2014; Woods et al., 2012; Yudkin, 2007), associated with 
neuroinflammation in the hypothalamus, hippocampus, amygdala, cerebral cortex and 
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cerebellum in diet-induced obesity animal models (Beilharz et al., 2016; Guillemot-Legris 
et al., 2016; Lu et al., 2011; Tapia-González et al., 2011) and in the occipitoparietal cortex in 
a human 1H-MRS study (Gonzales et al., 2012). Furthermore, obesity has been associated 
with cognitive decline after adjusting for age and educational level (Cournot et al., 2006), 
and with an increased risk of Alzheimer’s disease (Mrak, 2009). Taken together, our 
observations suggest that while higher fat% has been linked to lower neuronal density, 
estimated by tNAA/tCr in the left SM1 and right DLPFC, the association with cognition and 
(neuro)inflammatory processes were less visible in our sample of older adults.

Muscle strength, as measured with right handgrip dynamometry, was associated with 
higher levels of tNAA/tCr in the right DLPFC, and the DPCC. This indicates that muscle 
strength is associated with higher levels of neural integrity in these brain regions (Castillo 
et al., 1998). Contrary to what we expected, mIns/tCr levels in the left MTC were positively 
related to handgrip strength, which may indicate a link between muscle strength and 
neuroinflammation (Castillo et al., 1998). To our knowledge, no other studies have 
previously reported a link between muscle strength and brain 1H-MRS results, making it 
impossible to compare our results with existing literature.

Contradictory to the association with neuroinflammation in the left MTC, muscle strength 
was associated with lower serum IL-6 levels (adjusted for BMI, see Supplementary table A.6.) 
and kynurenine levels (both when adjusted for BMI or fat%). IL-6 is considered an important 
mediator of inflammatory processes, being involved both in pro- and anti-inflammatory 
processes (Smith and Miles, 2000). It is typically elevated in a state of chronic inflammation, 
which is often seen at older age and is called ‘inflammaging’ (Ershler, 1993; Franceschi et 
al., 2000; Maggio et al., 2006). The negative relationship between handgrip strength and 
serum IL-6 is in line with previous studies (Visser et al., 2002). Furthermore, we reported 
previously that serum kynurenine is associated with 1H-MRS signs of neurodegeneration and 
neuroinflammation (Vints et al., 2022a). Serum kynurenine levels are increased in a state of 
elevated inflammation, as is commonly found at older age (Allison et al., 2017). It is considered 
a robust marker of inflammation, as the enzyme indolamine-2,3-dioxygenase, which converts 
tryptophan into kynurenine, is upregulated by a wide array of pro-inflammatory cytokines, 
including C-reactive protein (CRP), IL-1β, IL-6, IL-8, tumor necrosis factor-alpha (TNF-α) and 
interferon-gamma (IFN-γ) and downregulated by anti-inflammatory cytokines like IL-4 and 
IL-10 (Allison et al., 2017; Chiarugi et al., 2001; Kindler et al., 2019; Lustgarten and Fielding, 2017; 
Pedraz-Petrozzi et al., 2020). Notably, aging-associated elevations of serum kynurenine have 
previously been suggested to play a role in the development of sarcopenia in mice, possibly 
by increasing oxidative stress markers. In this study, administration of kynurenine caused a 
reduction in muscle protein synthesis, leading to a reduction in muscle size and mass (Kaiser 
et al., 2019). Furthermore, in adults with heart failure, plasma kynurenine levels were found 
to be elevated, and this elevation was negatively associated with handgrip strength (Konishi 
et al., 2016). The latter is in line with the findings from our study.



191

Body fat, sarcopenia and brain health in older adults

4

In contrast to muscle strength, we discovered that higher SMI and better performance on 
the 8UG test were associated with signs of neurodegeneration, as expressed by the negative 
association between SMI and levels of tNAA/tCr in SM1 and the positive association between 
time on the 8UG test and tNAA/mIns in the left MTC. This would indicate that having more 
muscle mass or being able to perform better on physical tasks would be detrimental for brain 
metabolism, which was contradictory to our hypothesis.

Overall, our results suggests that muscle strength rather than muscle mass or physical 
performance is positively associated with a healthy brain neurometabolism, even though we 
did not find an association between muscle strength and cognitive function as measured 
with the MoCA scale. Other studies reported that muscle strength in older adults is a good 
predictor of cognitive function, physical performance and risk of falls. These studies also 
indicated that muscle strength is a better predictor of mental and physical health than 
muscle mass (Menant et al., 2017; Sui et al., 2020; Tolea and Galvin, 2015), which is in line with 
our findings. Menant et al. (2017), who measured muscle strength as a measure of maximal 
isometric knee extension force, even proposed that a simple muscle strength measurement is 
to be preferred as a predictor of health-related outcomes in older people instead of assessing 
if a person has sarcopenia (defined as the combination of low muscle strength and muscle 
mass by the EWGSOP2 (Cruz-Jentoft et al., 2019)).

Limitations of this study include the exploratory nature of our design. As a consequence, 
our results needed to be corrected for multiple testing with FDR analysis. Findings that did 
not survive FDR correction should be interpreted as possible trends. We should note that our 
sample size was relatively small for the elaborate statistical analysis performed, including 
mediation analysis. Furthermore, we only included older adults (60-85 years old) and 
excluded participants weighing more than 130kg because this was an exclusion criterium for 
MRI scanning. This limits the interpretation of the results related to age and fat%. Moreover, 
we cannot make causal inferences about the effects of a change in age, fat%, or sarcopenia-
related measures in this study. Finally, cognitive function was assessed only with the MoCA 
test, which should be considered a global cognition screening tool and cannot accurately be 
used to capture variations in cognitive subdomains.

In conclusion, our results in older adults suggest that a healthy fat% and muscle 
strength are associated with correlates of brain health, measured as larger brain volumes 
or neural integrity. Based on these findings, researchers may consider longitudinal studies 
to investigate if maintaining a healthy fat% and muscle strength throughout life may be 
part of preventive measures to combat cognitive decline at older age. We invite other 
researchers to investigate fat % and muscle strength in their relationship to neural integrity 
in older adults. From a mechanistical point of view, the role of serum kynurenine and other 
inflammatory blood biomarkers as possible mediators of both a decrease in muscle strength 
and neurodegeneration in older adults would be a relevant topic to investigate again in 
larger study cohorts.
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Abstract

In this study we aimed to test if acute strength exercise would induce cognitive 
improvements. Secondarily, we examined the relationship between exercise-induced 
changes in cognitive function and postural dual-task control. Thirty-seven cognitively 
intact, non-faller older adults (≥60 years) were nonrandomly allocated to strength 
exercise or control. Strength exercise consisted of Smith machine squats (one session, 
3×3reps at 90%, 95%, and 100% one-repetition maximum). Control participants held 
seated rest for 45 min. Cognitive functions, recognition (memory search), working 
memory (mathematical processing), processing speed (2-choice reaction time), and 
postural dual-task control were tested before and immediately after exercise or control 
using the Automated Neuropsychological Assessment Metrics-4 (ANAM4) battery and 
a mathematical counting task while maintaining a tandem Romberg stance with eyes 
open on a force plate. Outcome measures were response time and performance index 
(100×[accuracy/response time]) on the ANAM4 tests and sway activity and entropy 
during the postural dual-task. We found a non-significant improvement with moderate 
effect size in performance index on the mathematical processing task of experimental 
participants compared to control participants (p = 0.145, ηp² = 0.060). Improvements 
in the mathematical processing task over time in the control group were associated 
with increased sway activity during the postural dual-task. No significant associations 
were found between changes in cognitive function and changes in postural control in 
the experimental group. Ultimately, our results may direct researchers and healthcare 
professionals in designing the optimal exercise treatment to improve cognitive function 
and postural control in older adults.
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Abbreviations

ANAM4, Automated Neuropsychological Assessment Metrics-4; BMI, body mass index; BDNF, 
brain-derived neurotrophic factor; IGF-1, insulin-like growth factor-1; IL-6, interleukin-6; 
IPAQ, International Physical Activity Questionnaire; MMSE, Mini-Mental State Examination; 
PI, performance index; RT, response time; 1RM, one-repetition maximum.

1. Introduction

Healthy aging is defined in the World Report on Ageing And Health by the World Health 
Organization as “the process of developing and maintaining the functional ability that 
enables wellbeing in older age” (World Health Organization, 2015, p. 28). Maintaining 
functional ability in older age is a challenge, as cognitive and motor functions including 
postural control start to decline already from the age of 20 (Fjell & Walhovd, 2010; Seidler 
et al., 2010; McPhee et al., 2016; Degani et al., 2017). As individuals age beyond a certain 
point, they experience significant grey matter volume reductions, interruption of white 
matter microstructural organization, and age-related decline in functional network 
segregation and integration leading to cognitive and motor deficits (e.g., Seidler et al., 
2010; Di et al., 2014; King et al., 2018). With the cohort of older adults being the fastest-
growing subpopulation in current society (Dall et al., 2013), there is an increasing interest 
in non-pharmacological, low-risk interventions to prevent motor and cognitive declines 
and improve functional independence and mobility in aging (Netz, 2017), especially as 
cognitive dysfunction and falls are currently the two most rapidly increasing causes of 
death in older adults (Mattiuzzi & Lippi, 2020).

Physical exercise is considered a promising candidate to function as a treatment 
strategy for mitigating age-related cognitive and motor decline (Kirk-Sanchez & McGough, 
2013; Hunter et al., 2016). For example, extensive evidence supports the cognitive benefits 
of moderate to high-intensity cardiovascular or resistance exercise programs among 
older adults (Erickson et al., 2011; C. L. Tsai et al., 2015; Mandolesi et al., 2018; Landrigan 
et al., 2019; C.-L. Tsai et al., 2019; Northey et al., 2018). Improved cognition through 
chronic cardiovascular exercise has been related to the up-regulation of brain-derived 
neurotrophic factor (BDNF) (C.-L. Tsai et al., 2019). However, the beneficial effect of chronic 
cardiovascular exercise on the brain may depend less on the upregulation of neurotrophic 
factors and to a greater extent to improvements in cardiovascular function or changes in 
energy metabolism, such as increased delivery of nutrients and oxygen (S. Kim et al., 2019).

The abovementioned benefits of cardiovascular exercise may differ from those 
related to resistance exercise. However, there is a limited body of work exploring the 
impact of resistance exercise on cognitive function and exercise-induced neuroplasticity 
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(Huang et al., 2022; Vints et al., 2022). This gap in the current literature could be critical 
as Huang et al. (2022) reported that chronic resistance exercise has a greater potential 
than cardiovascular exercise in effectively slowing cognitive decline in older adults with 
cognitive impairment. According to Huang et al. (2022), chronic resistance training is likely 
to have more pronounced effects on cognition than cardiovascular exercise through 
a larger activation of multiple signalling pathways activated by both cytokines and 
growth factors released from muscle tissue. The enhanced cognitive function resulting 
from chronic resistance exercise could be mediated through the elevation of brain/
circulating levels of insulin-like growth factor-1 (IGF-1) and irisin, which are essential for 
neurogenesis and synaptogenesis, as well as through the down-regulation of circulating 
levels of inflammatory cytokines (e.g., interleukin 6 and interleukin 1β) who may inhibit 
neuroplastic processes (Gruol, 2015; H. J. Kim et al., 2015; Nielsen & Pedersen, 2007; C.-L. 
Tsai et al., 2019; for reviews see: Gajewski & Falkenstein, 2016 and Vints et al., 2022) .

To further elucidate the exercise-effect mechanism, researchers have investigated 
the effect of acute (i.e., a single bout of) exercise on cognitive function. It was discovered 
that even a single bout of physical exercise may transiently enhance cognitive and motor 
functioning (Y.K. Chang et al., 2012; Hsieh, Chang, Fang, et al., 2016; Ludyga et al., 2016; Netz 
et al., 2016; Thomas et al., 2016; McSween et al., 2019; Wanner et al., 2020; Park et al., 2021; 
Netz et al., 2023). Again, there are fewer studies examining the acute effects of resistance 
exercise compared with studies examining the acute effects of cardiovascular exercise 
(Vints et al., 2022). Therefore, we could not make a firm prediction on differences between 
cardiovascular and resistance exercise effects nor on mechanisms which may underlie 
the exercise-induced improvement in cognition following a single bout of resistance 
exercise. In addition, the optimal design of a resistance exercise protocol for maximizing 
cognitive benefits in older adults remains unclear (Huang et al., 2022; Vints et al., 2022).

Strength training, a specific type of resistance training typically consisting of lifting 
relatively heavy weights for a low number of repetitions (Schoenfeld et al., 2021), could act 
as a promising treatment strategy against cognitive and motor decline at older age. Both 
acute and chronic strength training can improve muscle strength, balance, and mobility 
(Hess & Woollacott, 2005; Cassilhas et al., 2007; van het Reve & De Bruin, 2014), cognitive 
functioning (e.g., Y.-K. Chang et al., 2012; T. Liu-Ambrose et al., 2012; Hsieh, Chang, Fang, et al., 
2016; Mavros et al., 2017), and postural control (after a single bout; Drozdova-Statkevičienė 
et al., 2021). Furthermore, acute strength training can transiently improve cognition across 
multiple domains including attention, working memory, executive control and balance 
control (Y.-K. Chang et al., 2014; Hsieh, Chang, Hung, et al., 2016; Hsieh, Chang, Fang, et al., 
2016; Dunsky et al., 2017; Drozdova-Statkevičienė et al., 2021). This is of particular interest, 
as cognitive decline was reported to be associated with fall risk in older adults (T. Y. Liu-
Ambrose et al., 2008; Muir et al., 2012). Moreover, falls and dementias were respectively 
the first (+212.1%) and second (+149.6%) fastest increasing cause of death between 2000 
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and 2016 in older adults, and displayed respectively the third (+59.9%) and first (+108.8%) 
largest increment as a cause of disability at older age (Mattiuzzi & Lippi, 2020). Notably, 
falls and dementias were the only two causes of death to show an increment of more 
than 100% in 16 years’ time (Mattiuzzi & Lippi, 2020).

The similarity of the trends in falling and cognitive decline may be explained by 
the finding that older adults require a higher level of attention to conserve gait/stance 
stability, as vestibular and proprioceptive sensitivity decreases with age. Consequently, 
postural control necessitates increased attentional input (Woollacott & Shumway-Cook, 
2002; Rogers et al., 2013). Indeed, an increased risk of falling can already be noticed in 
older adults with only subtle cognitive impairment (T. Y. Liu-Ambrose et al., 2008; Muir et 
al., 2012). Particularly in more demanding circumstances, such as activities that require 
both motor and cognitive activity (i.e. dual-tasks), the performance of older adults on 
either of the postural or cognitive task or on both may be lower compared to younger 
adults (Woollacott & Shumway-Cook, 2002; Rogers et al., 2013). Therefore, dual-tasks are 
considered a sensitive tool for identifying cognitive and balance impairments in older 
adults (Muir-Hunter & Wittwer, 2016; Bayot et al., 2018). Given the possible facilitatory 
effects of strength exercise on attentional control and balance (Dunsky et al, 2017; 
Drozdova-Statkeviciene et al, 2021) and given the importance of these abilities in older 
age, the present study had two purposes: (1) to study the effect of a single bout of strength 
exercise with high relative loads and long rest periods on cognitive function in older 
adults, and (2) to examine whether changes in postural control performance from before 
to after a single bout of strength exercise with high relative loads and long rest periods 
would be associated with cognitive function.

In line with the abovementioned goals, our primary objective is to determine the 
specific cognitive areas impacted by the intervention and whether enhanced performance 
in these areas leads to overall improvements in maintaining balance. Based on existing 
research indicating that acute exercise can result in improvements in processing speed, 
attention, working memory, and basic cognitive abilities (e.g., Y.-K. Chang et al., 2014; 
Hsieh, Chang, Hung, et al., 2016; Hsieh, Chang, Fang, et al., 2016; Dunsky et al., 2017), and 
considering that immediate strength training positively influences attentional focus on 
the task of maintaining balance (Drozdova-Statkevičienė et al., 2021), we hypothesize the 
following: (1) our strength exercise protocol would induce improvements in cognitive 
function, as was previously reported with different resistance exercise protocols (Y.-K. 
Chang et al., 2014; Dunsky et al., 2017). Here, we expected that improvement in cognition 
following acute strength training would not be limited to a specific single cognitive 
domain, but this improvement would be seen across multiple aspects of cognition as 
well as in attentional control of balance; and (2) improvements in these cognitive domains 
will be related to improvement in balance control during dual-task.
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2. Material and methods

2.1 Participants and setting
Thirty-seven (19 experimental and 18 control) healthy males above the age of 60 years 
were recruited in Kaunas, Lithuania. Based on a power analysis using G*Power 3.1.9.7 to 
calculate the sample size needed to find an interaction in a repeated measures ANOVA 
implemented on outcome measures obtained from cognitive (section 2.4.2) and postural 
dual-task (section 2.4.3) assessment tests in this study with a moderate effect size (Cohen’s 
f = 0.25), an alpha of 0.05, and a power of 0.80, we needed at least 34 participants in 
total. Recruitment was done via presentations in local community organizations and via 
personal contacts with the experimenters (co-authors D-S.M., V.J.C. and N.M.). The same 
cohort was included in the study of Drozdova-Statkevičienė et al. (2021). Participants 
were interviewed prior to their inclusion by a public health specialist (co-author V.J.C.) 
and were introduced to the intervention by a certified trainer and exercise physiology 
expert (co-author N.M.). All participants and the experimenters who communicated 
with participants during the test/training sessions (co-authors D-S.M., V.J.C. and N.M.) 
were Lithuanian native speakers. All participants were free of chronic pain, diabetes 
mellitus and physical or neurological disorders. Participants were screened for cognitive 
impairment with the validated Lithuanian version of the Mini-Mental State Examination 
(MMSE) test by co-author V.J.C., excluding participants scoring below 24/30 (Pangman et 
al., 2000). We excluded participants with alcohol or drug abuse, psychopharmacological 
drug use, and those participating in a resistance training program in the last six months.

A randomization process was implemented at first to allocate subjects to one of 
the two groups (i.e., exercise and passive controls). Specifically, we intended to allocate 
participants eligible for inclusion to experimental or control group in a random order 
based on day of birth (odd days – control group; even days – experimental group) and 
participant entry to the research (the latter was used to compensate for unequal sample 
size). However, when we explained the nature of the strength exercise protocol to the 
participants allocated to the experimental group, some of the recruited participants were 
less keen to undergo the high-intense strength exercise intervention. Given the difficulty 
to find older adults willing to participate in our experimental group, about the last half 
of the recruited participants were allowed to be reallocated to the opposite group when 
they refused to start in the experimental group. Note that reallocation of participants 
to the opposite group was applied only on participants that did not agree to join the 
experimental (training group) whereas individuals that were allocated to the experimental 
group were selected randomly from the overall pool of subjects. Participants in both 
groups could voluntarily withdraw from the study at any time. The study was approved by 
the Kaunas Regional Biomedical Research Ethical Committee (No. BE-2-46) and a written 
informed consent was obtained from all participants prior to their inclusion in the study.
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2.2 Procedure
An overview of the study design has already been presented in (Drozdova-Statkevičienė 
et al., 2021) and is illustrated in Figure 1. Participants were invited to visit the Lithuanian 
Sports University, Institute of Sport Science and Innovation in Kaunas on two separate 
days, with 2-3 days between visits. Testing took place between 9 and 11 am. On the first day, 
after recording demographic and clinical characteristics, participants in the experimental 
group underwent one-repetition maximum (1RM) testing. On the second visit, testing took 
place in the following order: 15 min rest with heart rate monitoring using a pulse meter 
(Sigma Sport PC 15.11) in a sitting position, cognitive testing, postural dual-task testing, 
strength exercise (see section 2.3.1), 5 min rest, cognitive testing and (about 15-20 min after 
exercise) postural dual-task testing. Cognitive testing consisted of three tasks that were 
selected from the Automated Neuropsychological Assessment Metrics-4 (ANAM4) battery 
(see section 2.4.2). Postural dual-task testing consisted each time of three trials where 
participants were requested to maintain a tandem Romberg stance while performing 
a mathematical counting task (see section 2.4.3) and was described in more detail in 
Drozdova-Statkevičienė et al. (2021)

Control participants underwent the same familiarization procedure on the first visit 
but were not required to undergo 1RM testing. On the second visit, testing was performed 
in the same order as in the experimental group, but strength exercise was replaced by 
45min seated rest (see section 2.3.2). During both visits, the whole procedure was led by 
the same researcher (co-author D-S.M.), who was not blinded for the group allocation.

2.3 Interventions
Experimental condition: acute strength exercise intervention
Participants in the experimental group underwent a single session of strength exercise 
consisting of barbell squats on a Smith machine (Drozdova-Statkevičienė et al., 2021). 
The strength exercise session was preceded by a 10 min warm-up on a cycle ergometer 
(Monark 834E) at a power output of 60-80 W and a cadence of 50-60 rpm. Next, participants 
performed three sets of three repetitions of barbell squats with increasing intensity, i.e., 
90%, 95%, and 100% of 1RM. Specifically, participants completed nine repetitions in total: 
three repetitions with 90% 1RM loading, three repetitions with 95% 1RM loading, and three 
repetitions with 100% 1RM loading. A 3-minute rest was given between repetitions at each 
loading condition, and 5-minute rest was given at the end of every 3rd repetition loading 
while weight was increased by the trainer. Participants were instructed to reach a squat 
depth with a knee angle of approximately 90°. During the squats, verbal encouragement 
was provided by the trainer. All participants were able to complete the whole protocol. 
The total duration of the intervention was 30min. During the whole duration of the 
intervention, heart rate was monitored for safety reasons. 1RM testing was done 2-3 
days before the intervention. A standard 1RM testing protocol was used as outlined by 
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the National Strength and Conditioning Association (Baechle & Earle, 2000; Macht et al., 
2016). Starting weight was decided individually so that the 1RM could be achieved in as 
few attempts as possible. In each trial, weight was gradually increased by 10-20% until 
the participant was no longer able to lift it three times while maintaining a squat dept 
so that the knees of the participant were at about a 90° angle at the lowest point. This 
was visually checked by the trainer. Participants were verbally encouraged during each 
repetition. Rest periods between sets during the 1RM testing protocol were approximately 
3 min. The predicted 1RM was calculated using an online 1RM calculator https://exrx.net/
Calculators/OneRepMax (ExRx.Net : Predicting One-Rep Max, n.d.).

Control condition: 45 min seated rest
Participants in the control condition were instructed to remain seated in the waiting 
room for 45min and were allowed to read magazines or to interact with the researchers.

2.4 Assessments
Demographic and exercise-related characteristics
All participants were asked to report their age, smoking status, and medical history. 
Participants also completed the International Physical Activity Questionnaire (IPAQ) Short 
Form, which was used to assess participants’ physical activity levels (Sjostrom et al., 2005). 
We also calculated the participants’ body mass index (BMI).

Cognitive tasks
To assess cognitive performance, we used a reliable computerized test, namely the ANAM4 
battery (Vista Life Sciences, USA) (Vincent et al., 2017). The ANAM4 is a library containing 28 
cognitive tests and behavioral questionnaires, which can be configured for various clinical 
or experimental applications. A selection of tests from this library was used, including 
(a) the 2-choice reaction time test, (b) the memory search task, and (c) the mathematical 
processing task, in this order (Center for the Study of Human Operator Performance, 2007). 
The three tasks included in our study were selected based on previous evidence showing 
they are valid for assessing executive functions and global cognition in aging but also 
for age-unrelated neurological conditions (e.g., Vincent et al., 2012; Tayer-Shifman et al., 
2020). Specifically, these tasks incorporate several cognitive processes, including visual 
working memory, attention, and executive control, which are key cognitive domains that 
can be alleviated by exercise (Engeroff et al., 2018; Herold et al., 2019). All participants were 
familiarized with the three cognitive tasks during their first visit to the lab, 48-72h before 
the testing day. On the testing day, participants performed the tasks before and about 5 
min after the strength exercise intervention (experimental group) or after 45 min of rest 
(control group); see Figure 1. It took the participants approximately 10-12 min to complete 
these three tests. They were instructed that speed and accuracy were equally important. 
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For all three cognitive tasks, we assessed accuracy (% correct answers), response time 
(RT in ms), and performance index (PI, in arbitrary units). The PI (computed as PI = 100 × 
[accuracy/response time]) is an outcome parameter used to compensate for the fact that 
some participants may be faster despite lower accuracy, while others may be more accurate 
despite slower speeds, e.g. (Netz et al., 2016). Accuracy measures were used to exclude trials 
with more than 50% incorrect responses, as this may indicate that the participant did not 
understand the task. For all trials, response accuracy was never below 50%.

(a)  The memory search task is used as an index of verbal working memory, immediate 
recognition, and attention. For this task, six characters (the positive memory set) 
are displayed for memorization. Next, individual characteristics are presented, and 
the participant needs to press designated buttons to indicate whether or not the 
character is a member of the memorized set.

(b)  The mathematical processing task examines basic computing skills, concentration, and 
working memory. During this task, an arithmetic problem involving three single-digit 
numbers and two operators is displayed on a computer screen (e.g., “5 - 2 + 3 =”). The 
participant needs to press the left or right mouse button, left button if the answer to 
the problem is less than five, and right button if the answer is higher than five.

(c)  The 2-choice reaction time test examines processing speed and alternating attention 
with a motor speed component. It is a psychomotor reaction time task where the 
participant is presented with a “*” or “o” on the computer display. The participant 
needs to press the left or right mouse button depending on which stimulus appears.

Postural dual-task
The protocol for postural dual-task testing consisted of maintaining a tandem Romberg 
stance position on a single piezoelectric force plate (KISTLER, Slimline System 9286) with 
their eyes open, while performing a mathematical counting task, as has been presented 
before (Drozdova-Statkevičienė et al., 2021). On the testing day, all participants performed the 
postural dual-task after the ANAM4 tests before and about 15-20 min after the intervention or 
a 45min rest period. In contrast to the results presented in this previous study, we reported 
the total component of sway activity and entropy instead of presenting the anteroposterior 
and mediolateral components separately. The total vectors were calculated from the 
anteroposterior and mediolateral ground reaction forces, using a custom-written MATLAB 
script (MathWorks, Natick, MA) (Drozdova-Statkevičienė et al., 2018). High sway activity 
reflects poor postural control. Sway entropy is a measure of statical sway regularity. Higher 
sway entropy indicates more irregular sway activity, which is linked with automatic postural 
control and decreased deployment of attention to the postural task. In contrast, lower sway 
entropy indicates more regular sway activity which is hypothesized to be associated with the 
deployment of more attention to the postural task (Donker et al., 2007).



213

Acute strength exercise effects on cognition in older adults

5

2.5 Statistical analysis
Statistical analysis was performed using SPSS Statistics version 27 (IBM, USA). None of 
the data contained extreme outliers, defined as a value lying further than three times 
the interquartile range away from the median. All data were normally distributed, as was 
decided based on visual interpretation of histograms and measurements of skewness 
and kurtosis (normality assumed when values were between -2 and +2) (George & Mallery, 
2010).

To test our primary research question, we used a two-way repeated measures ANOVA 
(Group*Time) with repeated measures on the Time factor. Additionally, as part of an 
exploratory analysis, we used two-way ANCOVA with pre-test results and age as covariates 
and with post-test cognitive and postural task results as the dependent variables because 
it has been suggested to provide higher statistical power and accuracy when assessing 
groups changed from pre-test to post-test (Rausch et al., 2003). In case the ANOVA or 
the ANCOVA results were of moderate to high effect size (partial eta squared, ηp² > 0.06), 
they were further explored using paired samples t-tests to report the change over time 
in experimental or control groups separately (Cohen, 1988; Netz et al., 2023). To test our 
secondary research question, we used multiple linear regression analysis adjusted for 
age to search for an association between the pre-to-post difference on RT or PI on each 
one of the ANAM4 cognitive tests and pre-to-post difference in sway activity or entropy 
during the postural dual-task.

3. Results

3.1 Participants’ characteristics
Participants’ age ranged between 60 and 77 years old, BMI ranged between 21.0 and 29.0, 
and the MMSE scores ranged between 27 and 30. Mean values and differences between 
groups are presented in Supplementary table A.1. Three of the included participants 
were smokers (8.1%), and physical activity level of all participants was moderate based 
on the IPAQ short form questionnaire. In the experimental group, the mean increase in 
heart rate during exercise compared to before exercise was +59.2%. No significant group 
differences in age, BMI and MMSE scores were found (all p ≥ 0.455; see Supplementary 
Table A.1), suggesting that the two groups were demographically balanced.

3.2 The effect of acute strength exercise on ANAM4 cognitive performance and postural 
MPcontrol
Mean values of our outcome measures at baseline and pre-to-post change (in % changes 
from baseline) within control (n = 18) and experimental (n = 19) subjects are illustrated in 
Figure 2. There were no significant Time*Group interaction effects for any of the cognitive 
tests or postural control tasks (see Table 1). This indicates that strength training did not 
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significantly influence the change in performance. However, the Time*Group interaction 
effect for PI on the mathematical processing test had a moderate effect size (p = 0.145, 
ηp² = 0.060). Further exploration with paired t-tests showed that the experimental group 
and not the control group improved significantly over time (p < 0.001), see Figure 2 and 
Supplementary Table A.2.

Table 1. Repeated measures ANOVA test results

p-value Partial Eta Squared

RT Memory Search Time 0.292 0.032

Group 0.586 0.009

Time*Group 0.910 0.000

RT Mathematical Processing Time 0.056 0.101

Group 0.061 0.097

Time*Group 0.313 0.029

RT 2 choice RT test Time 0.003* 0.228

Group 0.055 0.101

Time*Group 0.987 0.000

PI Memory Search Time 0.285 0.033

Group 0.441 0.017

Time*Group 0.488 0.014

PI Mathematical Processing Time 0.00006* 0.374

Group 0.031* 0.126

Time*Group 0.145 0.060

PI 2 choice RT test Time 0.003* 0.230

Group 0.040* 0.115

Time*Group 0.704 0.004

Postural sway DT Time 0.005* 0.201

Group 0.583 0.009

Time*Group 0.576 0.009

Entropy DT Time 0.0003* 0.312

Group 0.065 0.094

Time*Group 0.778 0.002

* p < 0.05 Abbreviations: DT, dual task; PI, performance index; RT, response time.
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3.3 Exploratory analysis
Exploratory analysis on the effect of acute strength exercise on ANAM4 cognitive performance 
and postural control using ANCOVA
ANCOVA results showed that RT on the mathematical processing post-test was significantly 
faster in the experimental group compared to the control group after adjusting for the 
pre-test results and for age (p = 0.042, ηp² = 0.119). None of the other ANCOVA results for 
RTs or PIs of the ANAM4 cognitive tests were significantly different between groups. After 
adjusting for pre-test and age, both post-test postural sway activity and entropy during 
the postural dual-task did not differ between the experimental and control group, see 
Table 2.

Table 2. ANCOVA test results adjusted for pre-test values and age

Group Mean (SE) p-value Partial Eta 
Squared

RT Memory Search Control 1223.06 (45.64) 0.851 0.001

Experimental 1210.95 (44.42)

RT Mathematical Processing Control 3584.71 (140.30) 0.042* 0.119

Experimental 3166.76 (136.47)

RT 2 choice RT test Control 592.35 (13.20) 0.203 0.049

Experimental 568.02 (12.83)

PI Memory Search Control 7.89 (0.33) 0.306 0.032

Experimental 8.38 (0.32)

PI Mathematical Processing Control 2.88 (0.13) 0.091 0.084

Experimental 3.20 (0.13)

PI 2 choice RT test Control 16.92 (0.41) 0.143 0.064

Experimental 17.80 (0.40)

Postural sway DT Control 28.79 (1.64) 0.493 0.014

Experimental 27.20 (1.60)

Entropy DT Control 0.45 (0.01) 0.238 0.042

Experimental 0.47 (0.01)

* p < 0.05 Note that the mean (standard error) values presented here are those used for ANCOVA 
testing. They are evaluated at the mean age (67.9) and mean pre-test results. The mean values 
before adjusting for age and pre-test results are illustrated in Figure 2. Abbreviations: DT, dual task; 
PI, performance index; RT, response time; SE, standard error.
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Exploratory analysis of results with moderate to strong effect sizes
Non-significant results with at least moderate effect sizes (ηp² > 0.06) were found for 
PI on the mathematical processing task (p = 0.091, ηp² = 0.084), and PI on the 2-choice 
reaction time test (p = 0.143, ηp² = 0.064). In each case, it was the experimental group that 
improved significantly over time, p < 0.001 and p = 0.010 for mathematical processing PI 
and 2-choice reaction time PI, respectively, see Figure 2 and Supplementary Table A.2.

3.4 The relationship between ANAM4 cognitive test results and postural dual-task control
Multiple linear regression analysis with age and pre-to-post difference in RT on the 
mathematical processing task for the dependent pre-to-post difference in sway activity 
showed that a decrease in mathematical processing RT from pre to post was associated 
with an increase in sway activity on the postural dual-task in the control group (β = 
-0.556, p = 0.020). This model, including age and pre-to-post differences in RT on the 
mathematical processing task, had a statistically insignificant (p = 0.059) R² of 0.314. Multiple 
linear regression analysis with age and pre-to-post difference in PI on the mathematical 
processing task for the dependent pre-to-post difference in sway activity showed that an 
increase in mathematical processing PI from pre-to-post was associated with an increase 
in sway activity on the postural dual-task in the control group (β = 0.675, p = 0.001). This 
model, including age and pre-to-post difference in RT on the mathematical processing task, 
had a statistically significant (p = 0.004) R² of 0.515. No significant relationships were found 
for the other ANAM4 cognitive tests nor for changes in the experimental group, see Table 3.

Table 3. Multiple linear regression results with independents age and pre-to-post change on one 
of the ANAM4 cognitive performance outcome measures, with dependents pre-to-post change in 
sway activity or entropy for control and experimental groups separately

PRE-TO-POST DIFFERENCE

Sway activity

Control Experimental

Model 

summary 

including age

Coefficient Δ 

adjusted for 

age

Model 

summary 

including age

Coefficient Δ 

adjusted for 

age

RT Memory Search R² = 0.069

p = 0.587

β = 0.257

p = 0.319

R² = 0.148

p = 0.277

β = -0.328

p = 0.195

RT Mathematical Processing R² = 0.314

p = 0.059

β = -0.556

p = 0.020*

R² = 0.115

p = 0.378

β = 0.242

p = 0.299

RT 2-Choice Reaction Time R² = 0.130

p = 0.353

β = 0.352

p = 0.160

R² = 0.086

p = 0.489

β = 0.192

p = 0.447
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Table 3. Continued

PI Memory Search R² = 0.060

p = 0.630

β = -0.239

p = 0.356

R² = 0.057

p = 0.623

β = 0.084

p = 0.744

PI Mathematical Processing R² = 0.515

p = 0.004*

β = 0.672

p = 0.001*

R² = 0.124

p = 0.346

β = -0.283

p = 0.264

PI 2-Choice Reaction Time R² = 0.132

p = 0.345

β = -0.351

p = 0.155

R² = 0.066

p = 0.581

β = -0.124

p = 0.623

Entropy

Control Experimental

Model 

summary 

including age

Coefficient Δ 

adjusted for 

age

Model 

summary 

including age

Coefficient Δ 

adjusted for 

age

RT Memory Search R² = 0.165

p = 0.259

β = 0.345

p = 0.189

R² = 0.122

p = 0.354

β = -0.093

p = 0.730

RT Mathematical Processing R² = 0.068

p = 0.590

β = 0.099

p = 0.713

R² = 0.134

p = 0.318

β = 0.140

p = 0.566

RT 2-Choice Reaction Time R² = 0.061

p = 0.622

β = -0.048

p = 0.857

R² = 0.188

p = 0.189

β = 0.299

p = 0.247

Entropy

Control Experimental

Model 

summary 

including age

Coefficient Δ 

adjusted for 

age

Model 

summary 

including age

Coefficient Δ 

adjusted for 

age

PI Memory Search R² = 0.115

p = 0.401

β = -0.250

p = 0.347

R² = 0.115

p = 0.375

β = 0.020

p = 0.939

PI Mathematical Processing R² = 0.065

p = 0.606

β = 0.073

p = 0.772

R² = 0.122

p = 0.353

β = -0.093

p = 0.727

PI 2-Choice Reaction Time R² = 0.064

p = 0.607

β = -0.075

p = 0.775

R² = 0.144

p = 0.290

β = -0.186

p = 0.476

Pre-to-post difference (Δ) was calculated by subtracting the values from second testing from 
those of the first testing. The model summary with independents age and one of the ANAM4 
cognitive test outcome measures and with dependents one of the postural dual task outcomes are 
presented. In addition, the table includes the relationship (β and p-value) between each one of 
the ANAM4 cognitive test outcome measures and sway activity or entropy on the postural dual task 
adjustedg for age. * p < 0.05. Abbreviations: DT, dual task; PI, performance index; RT, response time.
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4. Discussion

We hypothesized that a single bout of high-intensity strength exercise would induce 
beneficial effects on cognition in older adults and that this cognitive performance 
improvement would be associated with improved postural control during a dual-task. 
Cognitive performance was examined for recognition (memory search), working memory 
(mathematical processing), processing speed (2-choice reaction time), and attention (all 
three tests). To our knowledge, this is the first study to investigate the effects of high-
intensity strength exercise on cognitive function versus attentional control of balance 
in challenging dual-task conditions in older adults. Our data partially support the first 
hypothesis. Specifically, we found pre-to-post improvement in performance on the 
mathematical processing task and reduction in sway activity and sway entropy. However, our 
data did not support the second hypothesis. We observed that pre-to-post improvements 
in these cognitive domains were not associated with improvements in balance control.

The abovementioned observations suggest that exercise-related pre-to-post gains 
in attentional (conscious) control of balance (as expressed by decreased entropy) and 
working memory may be mediated by separate neuronal substrates. However, in the 
control group, the multiple linear regression analysis revealed significant associations 
between pre-to-post changes in sway activity (or entropy) and pre-to-post improvements 
in the performance of the mathematical processing task. Furthermore, the control group 
also showed a significant pre-to-post decline of sway entropy, indicating an increase in 
regularity of balance (e.g., Drozdova-Statkeviciene et al, 2021). In line with these findings, 
one should not exclude the possibility that pre-to-post changes observed in our study 
were partly influenced by test-retest learning effects. However, a careful examination of 
the findings showed that: (1) gains on entropy in the control group were not associated 
with pre-to-post changes in cognition, and (2) improvement in balance stability (i.e., 
pre-to-post decrease in sway activity) was associated primarily with a decrease in 
performance of the mathematical processing task. Therefore, it is possible that test–
retest learning gains in balance stability were more prominent in individuals with poorer 
working memory and processing speed.

Results from a two-way repeated measures ANOVA showed that a single bout of high-
intensity strength exercise induced a non-significant improvement with moderate effect 
size in PI on the mathematical processing task compared to the control group. Further 
exploratory analysis with a two-way ANCOVA with pre-test results and age as covariates 
showed a significantly larger improvement in RT on the mathematical processing task 
compared to control. None of the other cognitive tests changed significantly.

However, within this exploratory analysis, we discovered moderate effect sizes for 
an improvement in PI on the mathematical processing and 2-choice reaction time task in 
the experimental group compared to the control group. Our findings partly support those 
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of previous literature, albeit tasks used in our study were not similar to those used by 
others. For example, Netz et al. (2016) reported that a single bout of moderate-intensity 
cardiovascular exercise in middle-aged adults induced improvements in response 
inhibition on the Go/No-Go task, where participants need to press a button when a visual 
stimulus is being presented on a computer screen and inhibit pressing the button when 
another stimulus is being presented (Netz et al., 2016). Hsieh et al. (2016) discovered that 
response time on the Go/No-Go task also improved after a single bout of eight resistance 
exercises (two sets of ten repetitions at 70% 10RM) in older men. They reported that 
compared to young adults, older adults improved more on tasks with higher working 
memory demands (Hsieh, Chang, Hung, et al., 2016).

Furthermore, Chang and Etnier (2009) showed that a single session of six 
resistance exercises, each performed for two sets of ten repetitions at 75% 1RM, induced 
improvements in processing speed and tended to improve executive function (Yu Kai 
Chang & Etnier, 2009). In contrast, Pontifex et al. (2009) indicated that only acute 
cardiovascular exercise and not resistance exercise resulted in working memory task 
improvements (Pontifex et al., 2009). However, Dunsky et al. (2017) refuted their finding 
by reporting similar changes following acute cardiovascular and resistance exercise on 
executive functions in middle-aged physically active adults.

Our findings revealed no significant associations between the pre-to-post change in 
cognitive performance on the ANAM4 cognitive test battery and the pre-to-post change 
in performance on the postural balance task in the experimental group. Therefore, we 
could not confirm our hypothesis that improvements in one or more cognitive domains 
following a single bout of high-intensity strength exercise would coincide with the 
improvement of balance control. In contrast, our results indicated that improvements 
in the performance of the mathematical processing task over time were associated with 
increased sway activity during the postural dual-task in the control group. It should 
be noted that both the ANAM4 mathematical processing task and the mathematical 
counting task performed during the postural dual-task are generally working memory 
tests. Therefore, it was surprising that those performing better on the working memory 
test following the control session were also those who performed worse on the postural 
dual-task. Since pre-to-post gains observed in the control group could be attributed in 
part to a learning effect, it is reasonable to assume that improvements would be also 
evident in one or more cognitive domains in this group. Nonetheless, no significant 
pre-to-post performance gains on cognitive outcome measures were visible in the 
controls (see Supplementary Table A.2). An alternative explanation is that test-retest 
learning effect in the control group was associated with increased prioritization of this 
task under dual-task condition which in turn may have a detrimental effect on balance. 
Another reason why our results are surprising is that previous studies reported that 
impaired executive function (which includes working memory) is the cognitive deficit 
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most consistently reported to be associated with an increased risk of falls in older 
adults (Horak, 2006; Yogev-Seligmann et al., 2008). Therefore, one would expect that 
postural stability in older adults would be more affected in those with more difficulty 
on the cognitive component of the dual-task. To know if worse performance on postural 
dual-task studies is linked to the type of cognitive deficit in the older adult or the type 
of task being used in combination with the balance task, we advise other researchers to 
follow our example and report findings from both postural dual-task and cognitive tests.

From a mechanistic point of view, we used a strength exercise protocol with high 
relative loads and long rest periods. This protocol is optimal to improving muscle 
strength (Schoenfeld et al., 2021). However, its effects on cognitive performance and 
brain structure and function in apparently healthy older individuals have remained 
unclear. Previous studies with cardiovascular exercise like Thomas et al. (2016) and 
Opie and Semmler (2019), indicated that high-intensity exercise has a larger beneficial 
effect on motor skill learning than low-intensity exercise (Thomas et al., 2016; Opie 
& Semmler, 2019). Importantly, pooled data from the meta-analysis of Wanner et al. 
(2020) suggested that only high-intensity exercise can significantly improve motor task 
performance when compared to rest at both short-term and long-term retention testing.

Furthermore, high-intensity exercise was reported to induce higher levels of IGF-1, 
irisin and BDNF, which are suggested to mediate (part of) the beneficial effect of exercise 
on the brain through enhancing neuroplasticity (Schwarz et al., 1996; Daskalopoulou et 
al., 2014; Huh et al., 2014; Müller et al., 2020; Vints et al., 2022). Possibly, the augmented 
increase in circulating IGF-1, irisin and BDNF with high-intensity cardiovascular exercise 
is caused in part by pathways activated by lactate, as was suggested by others (Schiffer 
et al., 2011; Salgueiro et al., 2014; El Hayek et al., 2019; Kujach et al., 2020; Müller et al., 
2020). In contrast to these studies, we adopted strength exercise with high relative 
loads and long rest intervals, which was probably not associated with elevated lactate 
levels. Thus, although we used a high-intensity protocol, the significant difference in the 
improvement on the mathematical processing task between experimental and control 
groups was probably not mediated by lactate-induced pathways. In addition, high-
intensity resistance exercise has been shown to induce elevated inflammatory markers, 
such as interleukin-6 (IL-6), associated with exercise-induced muscle damage (Mendham 
et al., 2011). High inflammatory markers exert detrimental effects on neurotrophic 
signalling pathways and may thus counteract the effect of elevated neurotrophic factors 
(Sun et al., 2017; Bourgognon & Cavanagh, 2020). Although we did not measure blood 
biomarkers in this study, our exercise protocol most likely induced muscle damage to 
some extent in our cohort of older adults not participating regularly in any resistance 
training program, and thus resulted most likely in elevated inflammatory markers. Taken 
together, we found an effect of high intensity strength exercise on RT performance on 
the mathematical processing task even though proposed lactate- and inflammation-
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mediated pathways were most likely not in our favor. Studies including blood analysis 
are needed to test if strength exercise can induce high levels of neurotrophic factors in 
the absence of lactate elevations, which may explain the beneficial effects of strength 
exercise on cognitive function.

Some notes and limitations should be mentioned concerning our study design. First, we 
failed to randomly allocate participants to the experiment because of the difficulty finding 
older adults willing to participate in high-intensity resistance exercise. This may have caused 
fitter or healthier participants to be allocated to the exercise condition. This may be linked 
with better cognitive and postural performance at baseline (Nemmers & Miller, 2008; Erickson 
et al., 2019). However, baseline performance was not significantly different in our study. Second, 
we included only healthy older adults with preserved physical and cognitive abilities and no 
history of falls, as was also the case in the study of Degani et al. (2017), who found increased 
sway activity in old compared to young adults (Degani et al., 2017). Of note, in the study of Fino 
et al. (2016), older adults with regular fall incidents showed different behaviors in postural 
control compared to older adults without regular fall incidents (Fino et al., 2016). Therefore, 
our results indicating no significant changes in postural control on the dual-task following 
acute strength exercise cannot be extrapolated to older adults with frequent fall incidents. 
It is arguable that the effects of acute strength exercise on postural control, which were not 
significant in our study, could have been more prominent in older adults an elevated fall risk.

In conclusion, our findings indicated that a single bout of high-intensity strength 
exercise induced a marginal improvement in working memory, measured as PI on the 
mathematical processing task. Further exploratory analysis also discovered a significant 
improvement in RT speed on the same task, which was not seen in the control group. 
In contrast to the hypothesis that improvements in one or more cognitive domains will 
be related to improvement in balance control in dual-task, improvements in RT and 
PI on the mathematical processing task were associated with increases rather than 
decrease in sway activity during the postural dual-task. The current findings call for future 
research into the effects of acute strength training on the interplay between cognitive 
and motor domains in older adults towards the discovery of tailored exercise programs 
for this population that could be beneficial for both cognitive and functional outcomes. 
Specifically, researchers should investigate the combined effects of exercise on the 
interplay between cognitive processes and motor functions related to postural control 
and locomotion. Future studies may also consider investigating the impact of a chronic 
intervention with high-intensity strength training on cognitive and postural performance.
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Abstract

Background: Physical exercise is suggested to promote hippocampal neuroplasticity 
by increasing circulating neurotrophic and anti-inflammatory factors. Our aim was to 
explore the interplay between the effect of progressive resistance exercise on blood 
biomarker levels, hippocampal neurometabolite levels and hippocampal volume in older 
adults with a low compared to a high risk of mild cognitive impairment (MCI).

Methods: Seventy apparently healthy male/female older adults (aged 60-85 years 
old) were randomly allocated to a 12 week lower limb progressive resistance or no 
intervention, stratified for low (<26/30) or high (≥26/30) Montreal Cognitive Assessment 
(MoCA) score, indicating MCI risk. Outcome measures were blood levels of insulin-like 
growth factor-1 (IGF-1), interleukin-6 (IL-6) or kynurenine (KYN); hippocampal total and 
subfield volumes of the cornu ammonis 1 (CA1) and 4 (CA4), subiculum, presubiculum, 
and dentate gyrus measured with magnetic resonance imaging (MRI); and hippocampus 
neurometabolites including total N-acetylaspartate (NAA), myo-inositol (mIns), and 
total creatine (Cr) measured with proton magnetic resonance spectroscopy (1H-MRS). 
We evaluated the intervention effect, cognitive status effect, their interaction and 
the bivariate relationship between exercise-induced changes between the outcome 
measures.

Results: Higher kynurenine levels (p=0.015) and lower subiculum volumes (p=0.043) were 
found in older adults with high MCI risk compared to older adults with low MCI risk. 
Exercise-induced CA1 volume changes were negatively correlated with hippocampal 
tNAA/mIns level changes (r=-0.605, p=0.006).

Conclusion: This study provides valuable insight in the multifactorial processes related 
to resistance training in older adults with low or high MCI risk.
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Abbreviations
1H-MRS, proton magnetic resonance spectroscopy; 1 RM, one repetition maximum; BMI, body 
mass index; CA, cornu ammonis; DG, dentate gyrus; ELISA, enzyme-linked immunosorbent 
assay; fat%, body fat percentage; GMV, grey matter volume; HPC, hippocampal cortex; IFN-γ, 
interferon-γ; IGF-1, insulin-like growth factor-1; IL-6, interleukin-6; IPAQ-SF, International 
Physical Activity Questionnaire-Short Form; KYN, kynurenine; LTP, long-term synaptic 
potentiation; MCI, mild cognitive impairment; mIns, myo-inositol; MoCA, Montreal 
Cognitive Assessment; tCr, total creatine; tNAA, total N-acetylaspartate; TNF-α, tumor 
necrosis factor-α.

1. Introduction

The hippocampus is a brain region with a substantial capacity for structural 
reorganization, or neuroplasticity. It can rapidly modify existing neural circuits and 
even create entirely novel neural connections through the process of neurogenesis 
(Leuner and Gould, 2010). Specifically, the dentate gyrus (DG) of the hippocampus is 
known for its continued ability to generate new neurons throughout life (Eriksson et al., 
1998). Importantly, the neurogenetic potential of the hippocampus seems to be highly 
responsive to external stimuli. For example, hippocampal neurogenesis and neuroplastic 
processes are facilitated in response to physical activity (Erickson et al., 2011), while they 
are impaired by stress, alcohol, and sleep deprivation (Shors et al., 2012; Jurkowski et 
al., 2020). Furthermore, studies in older adults show significant age-related decreases 
in hippocampal neuroplasticity and hippocampal volume, associated with age-related 
cognitive decline (Dawe et al., 2020; Wu et al., 2023). Hippocampal volume loss can precede 
cognitive impairment by several years (Jack et al., 2000), and in older adults with mild 
cognitive impairment (MCI) severe losses in the cornu ammonis subfield 1 (CA1) and 
subiculum hippocampal subfields predict progression towards Alzheimer’s dementia 
(West et al., 1994; Rössler et al., 2002; Apostolova et al., 2006; Apostolova et al., 2010; 
Costafreda et al., 2011).

It has been suggested that the hippocampal neurogenetic and neuroplastic potential 
is modulated by several neurotrophic and inflammatory markers (Bourgognon and 
Cavanagh, 2020). In older adults, a state of low-grade inflammation, referred to as ‘inflamm-
aging’ (Franceschi et al., 2000), is thought to impair hippocampal plasticity (Bourgognon 
and Cavanagh, 2020; Vints et al., 2022b). With inflamm-aging, old and damaged cells 
throughout the body start to release inflammatory cytokines, such as interleukin-6 (IL-
6), into the blood stream. The number of these senescent cells gradually increases with 
aging (Dimri et al., 1995) resulting in an increase in pro-inflammatory factors that can 
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cross the blood-brain barrier. This, in turn, increases the numbers and pro-inflammatory 
activity of microglia in the hippocampus and other brain regions, leading to impairments 
in memory and executive control functions (Barrientos et al., 2015). Increased microglial 
activity and its effect on brain’s structural and neurochemical properties can be estimated 
in-vivo with various neuroimaging techniques. For example, proton magnetic resonance 
spectroscopy (1H-MRS) studies overall report that older adults, especially cases with MCI 
who are at high risk of converting into Alzheimer’s disease (AD), have increased levels 
of the neurometabolites myo-inositol (mIns), a marker for microglial cell density, and 
later on also decreased levels of N-acetylaspartate (NAA), a marker for neural density 
(Tumati et al., 2013; Cleeland et al., 2019; Vints et al., 2022a). Specifically, decreased levels 
of NAA and/or decreased ratio of NAA to creatine (Cr) have been proposed as markers of 
brain atrophy, increased levels of myo-inositol (mIns) and/or mIns/Cr are proposed to 
mark neuroinflammation, whereas decreased ratio of NAA/mIns has been proposed as 
a combined marker of neurodegeneration and neuroinflammation (Waragai et al., 2017). 
Increased brain mIns levels may be found in preclinical Alzheimer’s disease, and even 
precede detectability of amyloid β in cerebrospinal fluid (Graff-Radford and Kantarci, 
2013; Voevodskaya et al., 2016), which had been reported before as the first biomarker 
to become abnormal in Alzheimer’s disease (Jack and Holtzman, 2013). Interestingly, we 
previously showed that circulating levels of the inflammatory marker kynurenine (KYN) 
were associated with levels of neuroinflammation and neurodegeneration markers 
measured with 1H-MRS in older adults (Vints et al., 2022a). Specifically, elevated levels 
of serum KYN were associated with signs of neurodegeneration (i.e., decreased levels of 
NAA) in hippocampus and medial temporal cortex and signs of neuroinflammation (i.e., 
increased levels of mIns) in the posterior cingulate cortex and dorsolateral prefrontal 
cortex. KYN is of particular interest in the context of hippocampal neuroinflammation, 
since elevated circulatory KYN levels were associated with reduced memory function in 
older adults (Solvang et al., 2019). Moreover, the activity of the enzyme responsible for 
the upregulation of KYN levels is increased by pro-inflammatory cytokines, making KYN 
a generic marker of pro-inflammatory cytokine activity (Allison et al., 2017).

The use of physical activity as a nonpharmacological treatment to mitigate pro-
inflammatory processes and increase the neuroplastic capacity of the hippocampus 
present an exciting avenue for healthy aging interventions (Jurkowski et al., 2020). As we 
mentioned before, physical exercise was reported to enhance hippocampal neurogenetic 
potential (Van Praag, 2008), but also facilitate other neuroplastic processes such as long-
term synaptic potentiation (LTP) (Vints et al., 2022b), increase hippocampal volume, and 
improve memory function (Erickson et al., 2011). For example, cytokines and peptides 
released from muscle tissue during exercise, such as IL-6 which was introduced by 
Pedersen and colleagues as the first “myokine” (Pedersen et al., 2003), are argued to 
play a role as mediators of exercise-induced beneficial effects on neurogenesis and 
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cognition (Pedersen, 2019; Vints et al., 2022b). Furthermore, it was discovered that exercise 
increases muscle expression of kynurenine aminotransferase, an enzyme that converts 
KYN into kynurenic acid. In contrast to KYN, kynurenic acid is no longer capable of 
crossing the blood-brain barrier and provoking pro-inflammatory processes in the brain 
(Agudelo et al., 2014). Instead, kynurenic acid has anti-inflammatory and neuroprotective 
effects (Vécsei et al., 2013). In general, however, a bout of physical exercise transiently 
increases inflammatory markers, like IL-6, and neurotrophic factors, such as insulin-like 
growth factor-1 (IGF-1), while chronic exercise interventions result in decreased levels of 
inflammatory markers and increased levels of neurotrophic factors (Vints et al., 2022b). 
This exercise-effect has been shown for various exercise modes and doses. However, 
some authors suggest that resistance exercise may cause larger changes in neurotrophic 
and inflammatory blood biomarkers (Tsuchiya et al., 2015; Kim et al., 2019; Marinus et al., 
2019; de Alcantara Borba et al., 2020; Gulick et al., 2020; Jiang et al., 2020). It should be 
noted, however, that more research has been done with endurance exercise compared 
to resistance exercise, and the variability in reported findings between studies may as 
well depend on other study characteristics than exercise mode. For example, IGF-1 was 
particularly increased by resistance exercise in older adults, but to a lesser extent in 
younger adults (Jiang et al., 2020; Ye et al., 2020; Amiri et al., 2021). To our knowledge, 
the interrelationship between resistance exercise, blood biomarkers, hippocampal 
neurometabolites, and hippocampal subfield volumes has never been explored in detail, 
with the hippocampus being considered as primary brain area for neurogenesis but 
also a brain structure vulnerable to pro-inflammatory conditions leading to cognitive 
declines (Leuner and Gould, 2010; Shors et al., 2012; Jurkowski et al., 2020). Additionally, 
the comparison between cognitively healthy older adults with low risk of MCI and older 
adults with near-normal cognitive performance who are at high risk of MCI would provide 
valuable novel information for the research field.

2. Objectives and hypotheses

The primary objective of this randomized controlled trial was to explore the effect of 
chronic resistance training on the hippocampus in a population of older adults with 
normal cognitive function or with probable MCI. Specifically, to examine the changes 
induced by 12 weeks of resistance exercise on blood biomarker levels, hippocampal 
neurometabolite levels and hippocampal volume and the interplay between those 
changes. Resistance exercise effects were compared to time effects seen in a waiting list 
control condition. The outcome measures encompassed blood circulating markers (IL-6, 
KYN, and IGF-1) and brain neurometabolic markers (tNAA/tCr, mIns/tCr, and tNAA/mIns) 
that have been identified as biomarkers related to neuroplasticity and neuroinflammation 
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(Waragai et al., 2017; Bourgognon and Cavanagh, 2020; Vints et al., 2022b), as well as total 
and subfield hippocampus volumes. Our second objective was to explore the influence 
of cognitive status at baseline on these biomarkers and the resistance exercise effect. In 
consideration of our objectives, we formulated a hypothesis that (1) resistance exercise 
would induce increases in the neurotrophic blood biomarker IGF-1 and neurometabolites 
tNAA/tCr and tNAA/mIns in the hippocampus and decreases in the inflammatory blood 
biomarkers IL-6 and KYN and brain biomarker mIns/tCr in the hippocampus. Furthermore, 
we hypothesized that (2) resistance exercise would induce an increase in total and 
subfield hippocampus volumes. Moreover, we hypothesized that (3) the resistance 
exercise-induced changes in these biomarkers and hippocampus volumes would be 
interrelated. Finally, we hypothesized that (4) the changes induced by resistance exercise 
would be larger in older adults with high risk of MCI compared to their low-risk peers. 
This knowledge may serve to design interventions aimed at preventing the age-related 
deterioration of brain health.

3. Methods

3.1 Participants and setting
Seventy older adults (male/female, 32/38) aged 60 to 85 years participated in a 
randomized controlled trial. Participants were recruited between July 2020 and July 2021 
from volunteers from previous studies, a list of patients provided by general practitioners, 
and presentations in local community organizations in Kaunas, Lithuania. The exercise-
induced changes in muscular strength from a subgroup of these participants and 
how they relate to neurometabolic changes has been published previously (Sheoran 
et al., 2023). In addition, the baseline balance, physical fitness, and body composition 
measurements have previously been evaluated in relation to baseline blood biomarker 
levels, brain health markers, cognitive function tests and balance control (Vints et al., 
2022a; Levin et al., 2023; Valatkevičienė et al., 2023; Vints et al., 2023). In comparison to 
the studies published earlier, four participants were deleted. Two of these participants 
underwent baseline assessments, but they participated in a pilot version of the current 
intervention. After their participation, the final version of the resistance exercise protocol 
was decided. Two other participants did not continue after baseline assessments, either 
because of a claustrophobic attack during magnetic resonance imaging (MRI) or because 
of a pathological finding on brain MRI scanning.

Exclusion criteria were alcohol or drug abuse, neurologic, oncologic or psychiatric 
diagnosis, use of psychopharmacological drugs in the last five years, or a history of 
chemotherapy. Participants were excluded if they had signs or symptoms of cardiovascular, 
pulmonary or metabolic diseases, with the only exception that some of the participants 



237

Resistance exercise effects on the hippocampus in older adults

6

had hypertension. The mean blood pressure and heart rate of the included participants 
before intervention were respectively 139/78 (range systolic blood pressure: 108-182; range 
diastolic blood pressure: 55-119) and 70bpm (range: 52-96bpm). These measurements were 
done in a seated position after 30 minutes of seated rest. Participants had to be physically 
healthy and able to perform ten sit-ups. They had to be allowed to undergo MRI according 
to the checklist provided by the Department of Radiology at the Lithuanian University of 
Health Science. Finally, we excluded participants that participated in an exercise program 
on a regular basis in the last six months. Participants were allowed to withdraw from the 
study at any time. The study methods were approved by the Kaunas Regional Biomedical 
Research Ethics Committee (No. BE-10-7) and a written informed consent was obtained 
from all participants prior to their inclusion in the study.

3.2 Study design
This study was a parallel group randomized controlled trial with a 12-week resistance 
exercise intervention. Randomization was done using a stratified permuted block 
procedure. The stratification factor was the participants score on the Montreal Cognitive 
Assessment (MoCA) test, subdividing participants into high and low risk of MCI. MoCA tests 
were conducted by a qualified mental-health care specialist (co-author SK). While the 
MoCA test is not a diagnostic tool, a score of 18-25 is considered a reliable and sensitive 
marker of MCI, whereas a score of 26 to 30 is considered to indicate normal cognitive 
ability and low risk for MCI (Nasreddine et al., 2005; Bruijnen et al., 2020). The MoCA test 
scores from the participants ranged from 19-30. In every block of four participants with 
low or high risk of MCI, two were randomly allocated to the experimental and two to the 
control condition. This allocation was done in an Excel spreadsheet, using a random 
number generator set to indicate either 1 or 2 for exercise or control group respectively. If 
a block of four participants (N) with the same cognitive status contained two participants 
of the same group, the third participant was allocated to block N+1 with this cognitive 
status. In the last block of eight participants, only high MCI risk participants were included 
and seven out of eight participants were allocated to the control group. The reason for 
this decision was to correct for a higher number of drop-outs in the high MCI risk control 
groups at that time during the project. A participant flow diagram is presented in Appendix 
B, Supplementary Figure 1. The resistance training protocol was supervised by qualified 
fitness coaches, who were not involved in pre-and post-intervention data collection. The 
investigators involved in data collection were blinded to the group allocation.

3.3 Assessments
An overview of the timing of all assessments and summary of the interventional protocol 
is presented in Figure 1.
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3.3.1 Demographic and clinical characteristics
Participants were asked to complete a demographics questionnaire assessing their age, 
sex, educational level (categorized as basic education, secondary education or higher 
education), and smoking status. Self-reported physical activity level was estimated 
using the International Physical Activity Questionnaire – Short Form (IPAQ-SF). Physical 
activity level is calculated based on the total kcal burned per week during exercise of 
light, moderate or vigorous intensity, using the formula: total kcal/week = the sum of 
days performing light/moderate/vigorous activity × average time/day performing these 
activities × F, where F equals 3.3 for light intense exercise, 4.0 for moderate intense 
exercise and 8.0 for vigorous intense exercise. Participants burning less than 600 kcal per 
week were categorized as sedentary, 600-3000 kcal per week as moderately active and > 
3000 kcal per week as highly active (Sjostrom et al., 2005).

All participants’ body mass index (BMI) and body fat percentage (fat%) were 
measured on a leg-to-leg bio-impedance analyser (Tanita TBF-300-A). After a 5 min 
warm-up by pedalling at an intensity of 60-90 Watts on a veloergometer, and 3 min of 
dynamic activation exercises including lunges, butt kicks, side step lunges, half-squats, 
and front and side cross swings, isometric knee extension torque on maximum voluntary 
contraction (MVC, in Newton meters) of the dominant leg was measured with a Biodex 
System 3 dynamometer (Biodex Medical Systems, NY, USA). The highest value out of two 
trials was used for analysis. The MVC was only measured in a subgroup of the participants 
(45 participants pre-intervention and 20 post-intervention; 8 from the control and 12 
from the exercise group). This subgroup was analysed in study of Sheoran et al. (2023). 
Handgrip strength (in kg) was measured using a JAMAR 11940248 adjustable hand grip 
strength testing system in standing position. The grip size was adjusted so that there was 
a 90° angle in the second joint of the index finger. The test was preceded by a first try at 
submaximal effort, followed by 2 tries at maximal effort with 1 min interval between trials 
and the highest value was used for analysis.

3.3.2 Blood serum analysis
All blood samples were drawn between 9 a.m. and 1 p.m. by a qualified medical 
professional. For participants in the experimental group, the second blood collection 
took place at least 48 hours or more after the last exercise bout. Blood was collected in 
5mL serum separator tubes at the antecubital vein. The samples were gently inverted 8-10 
times and stored for 30min at room temperature to allow clotting. Subsequently, the tubes 
were centrifugated for 15min at 4000g. From these samples, blood serum was aliquoted 
into 1.5 mL polypropylene tubes and stored until further analysis in a -80°C refrigerator 
compartment at the laboratory of the Lithuanian Sports University. After full completion 
of the study, the samples were analysed with enzyme-linked immunosorbent assays 
(ELISA) using a spectrophotometer (Spark 10M, Tecan Group Ltd., Zürich, Switzerland) by 
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an experienced lab technician. The following blood biomarkers were measured using 
commercially available ELISA kits: IGF-1 (IBL International, GMBH, Germany, MD58011, 
with a lower limit of detection 0.03 ng/mL), IL-6 (DIAsource ImmunoAssays S.A., Belgium, 
KAP1216, with a lower limit of detection 2 pg/mL), KYN (MyBiosource, Inc., USA, with lower 
limit of detection 45.7 ng/mL).

Informed Consent

MOCA test
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RECRUITMENT PROJECT OUTLINE

Figure 1. Project outline

Abbreviations: 1H-MRS, proton magnetic resonance spectroscopy; 1 RM, one repetition maximum; 
IPAQ, International Physical Activity Questionnaire – Short Form; MCI, mild cognitive impairment; 
MOCA, Montreal Cognitive Assessment; MRI, magnetic resonance imaging

3.3.3 Hippocampus volume and neurometabolites
Participants underwent whole brain MRI and 1H-MRS scanning in a 3 Tesla Skyra scanner 
(Siemens Healthineers, Erlangen, Germany) with a 32-channel receiver head coil. Total 
scanning duration was 90 min per participant. Only hippocampus measurements are 
presented in this paper.
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Pre- and post-intervention hippocampus total and subfield grey matter volumes 
(GMV) were calculated using 3D magnetization prepared gradient echo (MPRAGE) images 
from high resolution T1-weighted structural MRI (repetition time (TR) = 2,200 ms, echo 
time (TE) = 2,48 ms, voxel size 0.9 × 0.9 × 1.0 mm³, field of view 230 × 256 mm, number 
of sagittal slices = 176). A longitudinal analysis pipeline of FreeSurfer v7.1.1 (Harvard, MA, 
USA, http://surfer.nmr.mgh.harvard.edu/) was used to measure the volumes of the left 
hippocampal subfields. The following subfields were examined: left whole hippocampus, 
left CA1 body and head (combined the left CA1), left subiculum body and head (combined 
the left subiculum), left presubiculum body and head (combined the left presubiculum), 
the left CA4 body and head (combined the left CA4), and the left granule cell (GC) and 
molecular layer (ML) of the dentate gyrus (DG) (combined the DG).

Hippocampus 1H-MRS spectra were acquired using a Point RESolved Spectroscopy 
(PRESS) sequence (TR = 2,000 ms, TE = 30 ms, number of averages = 128, spectral bandwidth 
= 2,000 Hz, and data size = 1,024 points) with chemical shift selective (CHESS) water 
suppression (bandwidth = 50 Hz) and a voxel size of 26 × 12 × 12 cm³. The hippocampal 
voxel was centered over the whole hippocampus in left hemisphere in the medial 
part of the temporal lobe anterior to lateral ventricle, corresponding to the left whole 
hippocampus Freesurfer region. Voxel position and an example of a post-processed 
spectrum are presented in Appendix A, Supplementary Figure 2. The acquired spectra 
were processed with linear combination of model spectra (LCModel, version 6.3.1-R) 
postprocessing software. Spectra with Cramér-Rao lower bound ≥20%, linewidths ≥12 Hz 
and signal-to-noise ratio <5 were excluded. All 1H-MRS spectra were visually checked to 
ensure the absence of artifacts prior to quantification. In this paper, we reported results 
from total NAA (tNAA) composed of N-acetyl aspartate and N-acetyl glutamate, mIns, and 
their ratio to total Cr (tCr) composed of creatine and phosphocreatine. In addition, the 
ratio of tNAA relative to mIns was calculated. A detailed overview of the 1H-MRS methods 
according to the minimum reporting standards of the MRSinMRS experts’ consensus 
recommendations can be found in Appendix B (Lin et al., 2021).

3.4 Intervention: Resistance exercise intervention
Participants in the exercise group took part in a 12-week progressive resistance exercise 
program for the lower limbs, while participants in the control group did not receive any 
treatment and were asked not to change their physical activity levels until post-intervention 
outcome measurements. The resistance exercise protocol was in line with latest position 
statement by the National Strength and Conditioning Association (USA) for resistance training 
for older adults (Fragala et al., 2019). Older adults in the exercise group trained two times 
per week under direct supervision of professional fitness instructors, with maximum two 
participants per fitness instructor at the same time. The training sessions took place in the 
gym at the Lithuanian Sports University using resistance training equipment from Technogym 
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(Italy). Warm-up consisted of 5-min cycling on a cycloergometer, at an intensity (in Watts) 
approximately equal to the participants’ body weight in kilograms, followed by a few dynamic 
stretching and activation exercises including lunges, butt kicks, side step lunges, half-squats, 
and front and side cross swings. The main resistance exercise program consisted of three sets 
of four lower limb exercises, (1) leg press, (2) leg curl, (3) leg extension, and (4) calf raises. The 
order of these exercises was not controlled, but in general the participants were instructed 
to start with the leg press as this is a multi-joint exercise and end with a single-joint exercise 
such as the calf raises. Lower limb strength and power are critical determinants of physical 
functioning in older adults, and correlate with their overall well-being (Marsh et al., 2009). 
Moreover, age-related muscle atrophy was observed to mainly affect the lower limbs, while 
upper limb muscles remain relatively unaffected (Aagaard et al., 2010). In the first week of 
training, the older adults were familiarized with the exercise movements and underwent a1-
repetition maximum (1-RM) test for all four exercises. The 1-RM assessment was based on a 
standard protocol recommended by the National Strength and Conditioning Association (Haff 
and Triplett, 2015). It involved a prediction calculation based on the number of repetitions 
performed at submaximal loads which was performed using the ExRx.net calculator (https://
exrx.net/Calculators/OneRepMax) (Swain and Brawner, 2013). In the remaining weeks, 
participants in the exercise group did one warm-up set and three working sets for all four 
lower limb exercises, with a rest of 2 min between sets and 3 min between exercises. From 
week 1 till 3, participants did 8-10 repetitions at 70-75% 1-RM, from week 4 till 9 they worked 
at 6-8 repetitions at 75-80% 1-RM, and from week 10 till 12 they did 6 repetitions at 80-85% 
1-RM. The weight was adjusted during the three training blocks according to the participants’ 
rate of perceived exertion (RPE) on a 10-point Borg scale (Morishita et al., 2019). The weight 
was increased when the older adult indicated a score below 7 on 10. The RPE was logged in a 
notebook by the fitness instructors, along with the number of repetitions and the weight lifted.

3.5 Statistical analysis
IBM SPSS Statistics version 27 (IBM Inc., Chicago, USA) was used to perform all analyses. 
First, the data was inspected for outliers and normality. Extreme outliers, defined as 
values lying more than 3× the interquartile range away from the median were excluded. 
Normality was defined as a kurtosis and skewness measure between -2 and +2. Additionally, 
normality was checked visually using PP-plots and histograms. Data not meeting one of 
the normality assumptions was log transformed. Homoskedasticity was tested with the 
Levene’s test.

Group differences in baseline descriptives were analysed using independent t-tests 
and Chi² tests (or Fisher Exact tests, if the expected count in any of the cells was below 
5) for continuous and categorical variable respectively. Our primary research question, 
the evaluation of the relationship between changes in outcome measurements from 
baseline to 12 weeks later, was measured using bivariate correlations. R-values based 
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on Spearman’s rho were chosen, given the non-normal distribution of some of the 
outcome measures. Our secondary objectives, to test the effect of exercise compared 
to control, the influence of cognitive status and their interaction, were evaluated using 
two-way ANCOVA with either blood biomarker levels, hippocampal neurometabolites or 
hippocampal subfield volume results at the 12 week measurement point as the dependent 
variable. Group (experimental versus control) and cognitive status (low MCI risk versus 
high MCI risk) were entered as fixed factors, and age and pretest values of the dependent 
variable as covariates. For analysis with IL-6 or KYN levels as dependent variables, fat% 
was entered as an additional covariate given that inflammatory markers are known to 
be moderated by individuals’ fat% (Maggio et al., 2006; Mangge et al., 2014). For analysis 
with hippocampus (subfield) volumes, intracranial volume was entered as an additional 
covariate in order to adjust the values for head size. The intracranial volumes measured 
at baseline and after 12 weeks were identical for all participants. We chose for a two-
way ANCOVA instead of a three-way repeated measures ANOVA, because it was shown to 
reduce the population error variance and increase the power and preciseness of the test. 
The conclusion of these two test is generally the same when the ANCOVA tests takes into 
account the pretest value of the dependent variable by entering it as a covariate in the 
model, compared to adding it as a level of the time factor in repeated measures ANOVA. 
For further reading, see Rausch et al. (2003).

4. Results

4.1 Participants characteristics
52 participants (74.3%) completed the intervention. Reasons for dropping out were COVID-19 
or fear of catching a SARS-COV-2 infection, lack of motivation, and intervention related 
trauma or fear of injury. The descriptive values of the baseline characteristics for exercise 
group, control group and total sample are presented in Appendix A, Supplementary Table 
1. There was a baseline difference between the two groups for the amount of kilocalories 
burned with physical activity per week (p = 0.024) and educational level (p = 0.038). 
The mean group change from baseline to 12 weeks later in knee extension MVC in the 
control group (n=8) was -1.7 Nm (SD = 8.7 Nm), compared to +31.7 Nm (SD = 41.3 Nm) in 
the experimental group (n=12) (p = 0.038). There were no significant differences between 
groups for blood or left hippocampus (subfield) volumes and neurometabolite levels at 
baseline. The values are presented in Table 1, 3 and 4. Finally, there were no significant 
differences between older adults with low MCI risk and high MCI risk for any of the 
baseline measurements (see Supplementary Table 2).
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Table 1. Descriptive values of baseline/12weeks blood biomarker levels and percentage change

BASELINE 12 WEEKS Δ (%)

IGF-1 EXP (n=24)

• hrMCI (n=12)

• lrMCI (n=12)

119.0 (57.6)

118.0 (55.2)

120.1 (62.4)

139.2 (85.4)

143.2 (81.2)

135.3 (92.8)

+17.0

+21.4

+12.7

CON (n=18)

• hrMCI (n=8)

• lrMCI (n=10)

112.5 (50.2)

117.7 (58.3)

108.3 (45.5)

136.3 (66.4)

141.3 (58.3)

132.4 (75.1)

+21.2

+20.1

+22.2

Total (n=42)

• hrMCI (n=20)

• lrMCI (n=22)

116.2 (54.0)

117.9 (54.9)

114.7 (54.4)

138.0 (77.0)

142.4 (71.2)

133.9 (83.3)

+18.8

+20.8

+16.7

IL-6 EXP (n=23)

• hrMCI (n=12)

• lrMCI (n=11)

8.5 (9.2)

6.7 (5.5)

10.5 (12.0)

12.2 (12.2)

10.3 (11.2)

14.4 (13.5)

+43.5

+53.7

+37.1

CON (n=20)

• hrMCI (n=10)

• lrMCI (n=10)

7.7 (8.2)

4.5 (4.2)

11.2 (10.2)

7.2 (8.9)

4.1 (3.1)

10.7 (11.8)

-6.5

-8.9

-4.5

Total (n=43)

• hrMCI (n=22)

• lrMCI (n=21)

8.1 (8.6)

5.6 (4.9)

10.8 (10.9)

9.9 (11.0)

7.3 (8.8)

12.7 (12.6)

+22.2

+30.4

+17.6

KYN EXP (n=23)

• hrMCI (n=11)

• lrMCI (n=12)

1582.3 (755.7)

1434.8 (650.6)

1717.4 (846.1)

1301.3 (606.4)

1442.3 (579.5)

1172.2 (626.2)

-17.8

+0.5

-46.5

CON (n=22)

• hrMCI (n=12)

• lrMCI (n=10)

1616.4 (709.1)

1308.2 (441.0)

2017.2 (808.8)

1507.1 (578.2)

1722.2 (593.8)

1227.5 (439.8)

-6.8

+31.6

-39.1

Total (n=45)

• hrMCI (n=23)

• lrMCI (n=22)

1599.3 (724.8)

1366.2 (538.2)

1853.7 (823.8)

1404.2 (595.0)

1593.9 (591.8)

1197.3 (537.7)

-12.2

+16.7

-35.4

Only the values of the participants with measurements at baseline and after 12weeks (number of 
participants, n) were used for analysis.
Abbreviations: CON, control; EXP, experimental; hrMCI, high risk for mild cognitive impairment; IGF-
1, insulin-like growth factor-1; IL-6, interleukin-6; KYN, kynurenine; lrMCI, low risk for mild cognitive 
impairment.
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4.2 Exercise-induced blood biomarker changes in cases with low versus high MCI risk
ANCOVA results did not indicate a significant group effect on the levels of IGF-1, IL-6, or 
KYN. However, the effect size for the IL-6 group effect was of moderate magnitude (pη² = 
0.078, p = 0.089). IL-6 levels in the exercise group increased by 43.5%, while they decreased 
by 6.5% in the control group. This change was most distinct in the older adults with high 
MCI risk, who showed IL-6 changes of +53.7% and -8.9% in the exercise versus control 
group, respectively. Cognitive status significantly influenced KYN level (p = 0.015), with 
higher KYN levels found in high MCI risk individuals. There was no significant group x 
cognitive status interaction effect on IGF-1, IL-6, KYN levels. Table 1 presents the descriptive 
values, and Table 2 contains the two-way ANCOVA results for the blood biomarkers.

Table 2. ANCOVA results

Group Cognitive status Group*Cognitive status

p-value pη² p-value pη² p-value pη²

IGF-1 0.439 0.016 0.612 0.007 0.717 0.004

IL-6 0.089 0.078 0.401 0.020 0.476 0.014

KYN 0.372 0.021 0.015* 0.147 0.328 0.025

Whole hippocampus 0.722 0.004 0.074 0.093 0.343 0.027

CA1 0.977 0.000 0.218 0.046 0.259 0.038

Subiculum 0.190 0.052 0.043* 0.119 0.471 0.016

Presubiculum 0.728 0.004 0.483 0.015 0.991 0.000

CA4 0.171 0.056 0.227 0.044 0.677 0.005

DG 0.119 0.072 0.252 0.040 0.320 0.030

tNAA/tCr 0.072 0.107 0.835 0.002 0.808 0.002

mIns/tCr 0.942 0.000 0.538 0.013 0.894 0.001

tNAA/mIns 0.537 0.013 0.785 0.003 0.859 0.001

The dependent variables are presented in the first row. P-values and effect sizes (partial eta 
squared) are given for the group effect (exercise versus control), the cognitive status effect 
(high versus low MCI risk) and their interaction (Group*Cognitive status). Significant p-values are 
marked *. The ANCOVA was adjusted for the dependent variable’s baseline value and for age. The 
ANCOVA for IL-6 and KYN were additionally adjusted for fat%. Of note, pre-intervention KYN, post-
intervention IGF-1 and IL-6, and pre- and post-intervention tNAA/mIns left hippocampal cortex 
were log-transformed due to a non-normal distribution, and in pre-intervention IL-6 and post-
intervention IL-6 and KYN an extreme outlier was removed before analysis.
Abbreviations: CA, cornu ammonis; DG, dentate gyrus; IGF-1, insulin-like growth factor-1; IL-6, 
interleukin-6; KYN, kynurenine; mIns, myo-inositol; tCr, total creatine; tNAA, total N-acetylaspartate; 
pη² = partial eta squared
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4.3 Exercise-induced hippocampus total and subfield volume changes in cases with low 
versus high MCI risk
Hippocampus (subfield) volumes did not significantly differ between exercise and control 
group. However, the effect size for the DG group effect was of moderate magnitude (pη² = 
0.072, p = 0.119). DG volume in the exercise group increased by 0.3%, while it decreased by 
1.2% in the control group. Overall, hippocampus (subfield) volume decreased over time, 
except for subiculum volume in the control group and the volumes of the presubiculum, 
CA4, and DG in the exercise group. Cognitive status had a significant influence on subiculum 
volume (pη² = 0.119, p=0.043) and an effect size of moderate magnitude was found for the 
total hippocampus (pη² = 0.093, p = 0.074). In both cases, individuals with high MCI risk had 
lower (subfield) volumes than individuals with low MCI risk. No group x cognitive status 
interaction effect was observed for hippocampal volume. Table 3 contains the descriptive 
values and Table 2 presents the two-way ANCOVA results for (subfield) hippocampus volume.

4.5 Correlations between blood and hippocampal changes
Correlations between changes in blood biomarkers, neurometabolites, and hippocampal 
volume in the exercise group are reported in Table 5. Control group and total group 
correlations are presented in Supplementary Table 3 and 4, respectively. In the exercise 
group participants, CA1 volume changes showed a negative correlation with changes in 
hippocampal tNAA/mIns ratio (r = -0.605, p = 0.006; see also Appendix A, Figure 2).

4.4 Exercise-induced hippocampal neurometabolite changes in cases with low and high 
MCI risk
There was no group or cognitive status effect nor a group x cognitive status effect for 
hippocampal neurometabolite changes. The effect size for the tNAA/tCr ratio group effect 
was of moderate magnitude (pη² = 0.107, p = 0.072), with tNAA/tCr increasing more in the 
resistance exercise group than controls. Table 4 contains the descriptive values and Table 
2 presents the two-way ANCOVA results for the hippocampal neurometabolite ratios.
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Table 3. Descriptive values of baseline/12weeks hippocampus (subfield) volumes and percentage 
change

BASELINE 12 WEEKS Δ (%)

Whole hippocampus EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

3286.0 (329.0)

3181.4 (270.7)

3390.6 (360.5)

3281.6 (344.8)

3145.3 (296.5)

3417.9 (347.6)

-0.1%

-1.1%

+0.8%

CON (n=18)

• hrMCI (n=11)

• lrMCI (n=7)

3288.3 (400.3)

3250.2 (497.9)

3348.2 (183.9)

3262.6 (395.2)

3216.8 (475.9)

3334.4 (234.8)

-0.8%

-1.0%

-0.4%

Total (n=40)

• hrMCI (n=22)

• lrMCI (n=18)

3287.0 (358.0)

3215.8 (392.7)

3374.1 (298.1)

3273.0 (363.6)

3181.1 (388.7)

3385.5 (303.8)

-0.4%

-1.1%

+0.3

CA1 EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

623.2 (79.3)

593.7 (54.6)

652.7 (91.2)

620.3 (83.5)

584.8 (60.6)

655.8 (90.6)

-0.5%

-1.5%

+0.5%

CON (n=18)

• hrMCI (n=11)

• lrMCI (n=7)

620.5 (92.8)

623.6 (116.1)

615.6 (43.3)

615.6 (92.5)

618.5 (113.3)

611.0 (53.2)

-0.8%

-0.8%

-0.7%

Total (n=40)

• hrMCI (n=22)

• lrMCI (n=18)

622.0 (84.5)

608.7 (89.8)

638.3 (76.8)

618.2 (86.6)

601.7 (90.3)

638.4 (79.6)

-0.6%

-1.1%

+0.0%

Subiculum EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

428.2 (49.7)

416.7 (39.2)

439.7 (58.0)

424.3 (54.3)

407.7 (44.8)

440.9 (59.8)

-0.9%

-2.2%

+0.2%

CON (n=18)

• hrMCI (n=11)

• lrMCI (n=7)

412.9 (60.0)

399.8 (63.8)

433.4 (51.4)

413.5 (57.1)

398.9 (58.5)

436.4 (50.2)

+0.1%

-0.2%

+0.7%

Total (n=40)

• hrMCI (n=22)

• lrMCI (n=18)

421.3 (54.4)

408.3 (52.4)

437.2 (54.0)

419.4 (55.1)

403.3 (51.1)

439.1 (54.8)

-0.5%

-1.2%

+0.4%

Presubiculum EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

289.8 (34.0)

278.0 (35.0)

301.7 (29.9)

290.5 (38.6)

276.7 (43.4)

304.2 (28.6)

+0.2%

-0.5%

+0.8%

CON (n=18)

• hrMCI (n=11)

• lrMCI (n=7)

305.0 (45.3)

294.7 (47.0)

321.2 (40.5)

304.4 (51.4)

292.2 (50.4)

323.5 (50.5)

-0.2%

-0.8%

+0.7%

Total (n=40)

• hrMCI (n=22)

• lrMCI (n=18)

296.6 (39.7)

286.3 (41.3)

309.3 (34.7)

296.7 (44.7)

284.5 (46.6)

311.7 (38.4)

+0.0%

-0.6%

+0.8%
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Table 3. Continued

BASELINE 12 WEEKS Δ (%)

CA4 EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

231.0 (26.6)

222.6 (21.9)

239.4 (29.1)

231.8 (26.5)

222.0 (22.0)

241.5 (28.0)

+0.3%

-0.3%

+0.9%

CON (n=18)

• hrMCI (n=11)

• lrMCI (n=7)

230.1 (29.9)

229.5 (36.7)

230.9 (17.0)

227.8 (29.5)

226.5 (35.4)

229.7 (19.0)

-1.0%

-1.3%

-0.5%

Total (n=40)

• hrMCI (n=22)

• lrMCI (n=18)

230.6 (27.7)

226.1 (29.7)

236.1 (24.9)

230.0 (27.6)

224.3 (28.9)

236.9 (25.0)

-0.3%

-0.8%

+0.3%

DG EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

262.2 (32.3)

252.7 (26.3)

271.8 (36.0)

263.0 (31.8)

251.6 (26.1)

274.4 (33.9)

+0.3%

-0.4%

+1.0%

CON (n=18)

• hrMCI (n=11)

• lrMCI (n=7)

263.1 (33.6)

260.6 (41.4)

267.0 (17.6)

260.0 (32.7)

257.4 (39.4)

264.1 (20.3)

-1.2%

-1.2%

-1.1%

Total (n=40)

• hrMCI (n=22)

• lrMCI (n=18)

262.6 (32.4)

256.7 (34.1)

269.9 (29.6)

261.7 (31.8)

254.5 (32.7)

270.4 (29.1)

-0.3%

-0.9%

+0.2%

Only the values of the participants with measurements at baseline and after 12weeks (number of 
participants, n) were used for analysis.
Abbreviations: CA, cornu ammonis; CON, control; DG, dentate gyrus; EXP, experimental; hrMCI, high 
risk for mild cognitive impairment; lrMCI, low risk for mild cognitive impairment.
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Table 4. Descriptive values of baseline/12weeks left hippocampus neurometabolite ratios and 
percentage change

BASELINE 12 WEEKS Δ (%)

tNAA/tCr EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

1.18 (0.16)

1.14 (0.11)

1.18 (0.19)

1.25 (0.13)

1.15 (0.18)

1.25 (0.13)

+5.9%

+0.9%

+5.9%

CON (n=13)

• hrMCI (n=5)

• lrMCI (n=8)

1.14 (0.11)

1.15 (0.11)

1.13 (0.11)

1.15 (0.18)

1.12 (0.16)

1.16 (0.20)

+0.9%

-2.6%

+2.7%

Total (n=35)

• hrMCI (n=16)

• lrMCI (n=19)

1.17 (0.14)

1.17 (0.12)

1.16 (0.16)

1.21 (0.15)

1.20 (0.15)

1.22 (0.16)

+3.4%

+2.6%

+5.2%

mIns/tCr EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

1.06 (0.18)

1.07 (0.11)

1.03 (0.14)

1.06 (0.15)

1.03 (0.23)

1.04 (0.15)

-0.0%

-3.7%

+1.0%

CON (n=13)

• hrMCI (n=5)

• lrMCI (n=8)

1.07 (0.11)

1.03 (0.11)

1.10 (0.10)

1.03 (0.23)

0.97 (0.25)

1.07 (0.23)

-3.7%

-5.8%

-2.7%

Total (n=35)

• hrMCI (n=16)

• lrMCI (n=19)

1.07 (0.15)

1.07 (0.18)

1.06 (0.13)

1.05 (0.18)

1.04 (0.18)

1.05 (0.18)

-1.9%

-2.8%

-0.9%

tNAA/mIns EXP (n=22)

• hrMCI (n=11)

• lrMCI (n=11)

1.13 (0.15)

1.07 (0.16)

1.15 (0.13)

1.20 (0.21)

1.20 (0.43)

1.23 (0.24)

+6.2%

+12.1%

+7.0%

CON (n=13)

• hrMCI (n=5)

• lrMCI (n=8)

1.07 (0.16)

1.12 (0.18)

1.03 (0.14)

1.20 (0.43)

1.26 (0.53)

1.15 (0.37)

+12.1%

+12.5%

+11.7%

Total (n=35)

• hrMCI (n=16)

• lrMCI (n=19)

1.11 (0.15)

1.11 (0.16)

1.10 (0.14)

1.20 (0.31)

1.20 (0.32)

1.20 (0.30)

+8.1%

+8.1%

+9.1%

Only the values of the participants with measurements at baseline and after 12weeks (number of 
participants, n) were used for analysis.
Abbreviations: CON, control; EXP, experimental; hrMCI, high risk for mild cognitive impairment; 
lrMCI, low risk for mild cognitive impairment; mIns, myo-inositol; tCr, total creatine; tNAA, total 
N-acetylaspartate.
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Figure 2. Bivariate relationship between pre-to-post changes in tNAA/mIns levels in the left 
hippocampus (ΔtNAA/mIns left HPC) and pre-to-post changes in CA1 volume (ΔCA1) for exercise 
group participants.

Positive values mark increases from pre- to post-intervention measurements. Abbreviations: 
CA1, cornu ammonis subfield 1; MCI, mild cognitive impairment; mIns, myo-inositol; tNAA, total 
N-acetylaspartate.
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Table 5. Bivariate correlations between changes in blood biomarkers, hippocampus volume and 
neurometabolites for exercise group participants

ΔIL-6 ΔKYN ΔWhole 
hippocampus

ΔCA1 ΔSubiculum ΔPresubiculum ΔCA4 ΔDG ΔtNAA/tCr left 
hippocampus

ΔmIns/tCr left 
hippocampus

ΔtNAA/mIns left 
hippocampus

ΔIGF-1 R -0.271 0.022 -0.123 -0.131 -0.128 -0.108 0.035 0.021 -0.192 -0.150 0.051

p 0.210 0.922 0.605 0.582 0.591 0.650 0.885 0.930 0.416 0.527 0.830

ΔIL-6 R 0.155 -0.142 0.037 0.005 0.009 -0.402 -0.118 0.063 0.098 -0.144

p 0.492 0.561 0.881 0.983 0.972 0.088 0.631 0.797 0.689 0.556

ΔKYN R -0.393 -0.240 -0.298 -0.030 -0.181 -0.198 0.214 -0.288 0.391

p 0.096 0.322 0.215 0.904 0.459 0.416 0.379 0.232 0.098

ΔWhole hippocampus R 0.666 0.633 0.488 0.566 0.517 -0.075 0.351 -0.401

p 0.001 0.002 0.021 0.006 0.014 0.759 0.141 0.084

ΔCA1 R 0.450 0.404 0.120 0.539 -0.267 0.337 -0.605

p 0.036 0.062 0.594 0.010 0.270 0.158 0.006

ΔSubiculum R 0.158 0.081 0.074 0.072 0.447 -0.395

p 0.484 0.721 0.744 0.770 0.055 0.094

ΔPresubiculum R 0.012 -0.001 -0.044 0.151 -0.193

p 0.958 0.998 0.858 0.538 0.429

ΔCA4 R 0.412 -0.140 -0.089 0.077

p 0.057 0.567 0.716 0.753

ΔDG R -0.044 0.196 -0.284

p 0.858 0.420 0.238

ΔtNAA/tCr left hippocampus R 0.558 0.278

p 0.007 0.210

ΔmIns/tCr left hippocampus R -0.567

p 0.006

Significant correlations are marked in bold (p < 0.05). Correlations with a moderate effect size 
(r>0.3) are underlined. Δ values were calculated by substracting the post-intervention value from 
the pre-intervention value. Spearman’s rho correlation values are presented.

Abbreviations: CA, cornu ammonis; DG, dentate gyrus; HPC, hippocampal cortex; IGF-1, insulin-like 
growth factor-1; IL-6, interleukin-6; KYN, kynurenine; mIns, myo-inositol; tCr, total creatine; tNAA, 
total N-acetylaspartate.
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Table 5. Bivariate correlations between changes in blood biomarkers, hippocampus volume and 
neurometabolites for exercise group participants

ΔIL-6 ΔKYN ΔWhole 
hippocampus

ΔCA1 ΔSubiculum ΔPresubiculum ΔCA4 ΔDG ΔtNAA/tCr left 
hippocampus

ΔmIns/tCr left 
hippocampus

ΔtNAA/mIns left 
hippocampus

ΔIGF-1 R -0.271 0.022 -0.123 -0.131 -0.128 -0.108 0.035 0.021 -0.192 -0.150 0.051

p 0.210 0.922 0.605 0.582 0.591 0.650 0.885 0.930 0.416 0.527 0.830

ΔIL-6 R 0.155 -0.142 0.037 0.005 0.009 -0.402 -0.118 0.063 0.098 -0.144

p 0.492 0.561 0.881 0.983 0.972 0.088 0.631 0.797 0.689 0.556

ΔKYN R -0.393 -0.240 -0.298 -0.030 -0.181 -0.198 0.214 -0.288 0.391

p 0.096 0.322 0.215 0.904 0.459 0.416 0.379 0.232 0.098

ΔWhole hippocampus R 0.666 0.633 0.488 0.566 0.517 -0.075 0.351 -0.401

p 0.001 0.002 0.021 0.006 0.014 0.759 0.141 0.084

ΔCA1 R 0.450 0.404 0.120 0.539 -0.267 0.337 -0.605

p 0.036 0.062 0.594 0.010 0.270 0.158 0.006

ΔSubiculum R 0.158 0.081 0.074 0.072 0.447 -0.395

p 0.484 0.721 0.744 0.770 0.055 0.094

ΔPresubiculum R 0.012 -0.001 -0.044 0.151 -0.193

p 0.958 0.998 0.858 0.538 0.429

ΔCA4 R 0.412 -0.140 -0.089 0.077

p 0.057 0.567 0.716 0.753

ΔDG R -0.044 0.196 -0.284

p 0.858 0.420 0.238

ΔtNAA/tCr left hippocampus R 0.558 0.278

p 0.007 0.210

ΔmIns/tCr left hippocampus R -0.567

p 0.006

Significant correlations are marked in bold (p < 0.05). Correlations with a moderate effect size 
(r>0.3) are underlined. Δ values were calculated by substracting the post-intervention value from 
the pre-intervention value. Spearman’s rho correlation values are presented.

Abbreviations: CA, cornu ammonis; DG, dentate gyrus; HPC, hippocampal cortex; IGF-1, insulin-like 
growth factor-1; IL-6, interleukin-6; KYN, kynurenine; mIns, myo-inositol; tCr, total creatine; tNAA, 
total N-acetylaspartate.
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5. Discussion

Although there is rising interest in the effects of exercise-induced peripheral biomarkers 
on the brain, most studies have focused primarily on aerobic exercise investigations 
while the number of resistance exercise studies in this field is limited (Vints et al., 2022b). 
Another limitation of the literature regarding the resistance exercise effect on the brain is 
that the majority of mechanistic explanations are derived from animal experiments. In this 
randomized controlled trial, we examined the effect of 12 weeks of resistance exercise on 
blood biomarkers, hippocampus subfield volumes, and hippocampal neurometabolites in 
older adults with low or high risk of MCI. The effect of resistance exercise was contrasted 
to a waiting list control condition. To the best of our knowledge, only one study has 
previously reported resistance exercise-induced neurometabolic changes. In this study 
from our own research group, it was discovered that strength gains following resistance 
exercise corresponded with neurometabolic changes in the same cohort of older adults 
as the current study (Sheoran et al., 2023). So far, no studies have tested the relationship 
between these exercise-responsive blood and brain neurochemical biomarkers, while 
this could provide important insights into the mechanism behind the exercise-cognition 
relationship.

As our primary outcome, we discovered that pre-to-post exercise changes in volume 
of the CA1 were negatively associated with pre-to-post exercise changes in ratios of tNAA/
mIns in the hippocampus. This indicates that the more the density of neurons (marked by 
tNAA) relative to the density of glial cells (marked by mIns) increases following exercise, 
the larger the CA1 volume loss following exercise. An interpretation could be that either 
exercise increases the density of hippocampal neurons at the expense of CA1 volume or 
an exercise-induced increase in glial cells is associated with CA1 volume gain. The former 
interpretation is not in line with previous studies showing that exercise can attenuate 
(subfield) hippocampal volume loss (e.g. Rosano et al., 2017; Broadhouse et al., 2020; 
Wilckens et al., 2021). However, from the neurometabolic perspective, it does fit our finding 
that hippocampal tNAA/tCr levels tended to increase in the resistance exercise group. The 
latter interpretation also does not fit our initial hypothesis that mIns would be associated 
with neuroinflammation, which at high levels is detrimental for neuroplasticity (Ekdahl 
et al., 2003; Bourgognon and Cavanagh, 2020). The relationship between inflammatory 
cells and neuroplasticity is however much more complex than initial studies had pointed 
out (Ekdahl et al., 2009). Research has shown that at least some inflammation is in fact 
essential for neuroplastic processes (Bourgognon and Cavanagh, 2020), and microglial 
cells can support neuroplasticity (Ekdahl et al., 2009). In our study, there was a general 
decrease in hippocampal mIns/tCr levels in the control group, while hippocampal mIns/
tCr levels remained the same in the exercise group. This difference was not significant. 
Trends from our correlation analysis with moderate effect size (r>0.3) support a possible 
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role of mIns (glial cells) in hippocampus volume increases. Specifically, we found a triad 
relationship between lower KYN levels, lower tNAA/mIns or higher mIns/tCr levels, and 
total hippocampal volume. Additionally, we found a relationship between lower IL-6 
levels and higher CA4 volume and higher mIns/tCr levels and higher CA4 volume. The 
inverse relationships between our inflammatory blood biomarkers and hippocampus 
(subfield) volumes is in line with our initial hypothesis. Our results suggest that mIns 
level changes (glial cells) may also play a role in the inverse relationship between blood 
inflammatory markers and hippocampal (subfield) volumes. To the best of our knowledge, 
there is no previous evidence of exercise-induced changes in mIns levels. Again, in our 
cohort of older adults, no significant group effect was found for mIns/tCr levels in the 
hippocampus, nor for the left sensorimotor cortex or right dorsolateral prefrontal cortex, 
as was previously reported by Sheoran et al. (2023). Furthermore, we did not find an 
effect of resistance exercise on tNAA/tCr or tNAA/mIns levels in the hippocampus, left 
sensorimotor cortex or right dorsolateral prefrontal cortex (Sheoran et al., 2023). However, 
hippocampal tNAA/tCr level group differences had a moderate effect size, suggesting 
that the resistance exercise group tended to increase tNAA/tCr in the hippocampus. 
Similar to our results, a study with a 12-week aerobic exercise program also reported 
no significant exercise-induced changes in tNAA in older adults (Matura et al., 2017). 
However, tNAA increases were reported in other aerobic exercise studies with the same 
exercise duration in middle-aged adults (Pajonk et al., 2010; Den Ouden et al., 2018). 
Notably, only few studies have examined neurometabolic changes caused by physical 
exercise and it remains unexplored if exercise-induced changes in brain neurometabolic 
properties precede, follow or coincide with volumetric changes. Studies with longer 
resistance exercise programs and repeated measurements are needed to discover if tNAA 
increases may follow at a later stage of physical exercise-induced neuroplastic changes in 
older adults, and if mIns may indeed play a role in the initial stages of exercise-induced 
hippocampal neurochemical and volumetric changes or if mIns levels may decrease at 
a later stage as we hypothesized.

Secondarily, we investigated resistance exercise-induced effects on blood and 
hippocampus biomarkers. ANCOVA test on the 12-week differences between groups, while 
taking into account the baseline values, did not indicate any significant effects. However, 
a nonsignificant difference with a moderate effect size was found for IL-6, with higher 
levels in the resistance exercise group compared to the control group, especially in older 
adults with high MCI risk. These findings were in contrast to our hypothesis, as a previous 
meta-analysis has reported that exercise, including also resistance exercise, can induce 
decreases in inflammatory markers such as IL-6 (Zhao et al., 2022). Notably, KYN levels 
did not show the same trend. A possible interpretation for the increase in IL-6 could be 
that our resistance exercise program was too intense for the participating older adults 
(with high MCI risk). The load lifted during our training protocol was constantly adjusted 
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to stay between 7 and 10/10 RPE, indicating that the training stimulus subjectively felt 
as a very difficult to maximal effort for the older adults (Morishita et al., 2019). Indeed, 
overtraining is known to be associated with elevated inflammation (da Rocha et al., 2019). 
Furthermore, the time-related decreases of IL-6 in the control group were also unexpected, 
as aging has been linked to increases in inflammatory marker levels (Franceschi et al., 
2000). However, a meta-analysis has shown that elevated inflammatory markers are not 
always reported in older adults with MCI, while being found consistently in persons 
with Alzheimer’s dementia, suggesting that systemic inflammation could be a marker for 
Alzheimer’s dementia diagnosis (Su et al., 2019). Furthermore, a nonsignificant group effect 
with moderate effect size was found for DG volume changes, showing a slight increase 
in the resistance exercise group, but a decrease in the control group. We found only one 
previous randomized controlled trial that examined changes in subfield hippocampus 
volumes following resistance exercise (Broadhouse et al., 2020). In this study, 18 months 
of resistance exercise stopped atrophy of the left subiculum, and attenuated atrophy 
in the left CA1 and DG compared to sham physical training in older adults with MCI 
(Broadhouse et al., 2020). A 24-month multimodal exercise intervention consisting of 
walking at moderate intensity, lower extremity resistance exercises, balance exercises, 
stretching and behavioral counselling also increased total left hippocampus volume when 
adjusting for baseline volumes, while also the post-intervention total right hippocampus 
volume and volume of the left CA region differed significantly between intervention and 
control group when not adjusted for baseline volume (Rosano et al., 2017). The lack of 
total hippocampus volume changes in our study was in line other studies. For example, 
6 months of resistance exercise did not change hippocampus volumes in older women 
with probable MCI, while these changes were found in the aerobic exercise group in this 
study (Ten Brinke et al., 2015). Moreover, a resistance exercise study with a longer duration 
of 12-months, comparing heavy or moderate intensity resistance exercise with a control 
group, reported age-related hippocampal volume losses in all groups without influence 
of strength training (Gylling et al., 2020).

Finally, when comparing older adults with low and high MCI risk, we found a significant 
difference in KYN levels and subiculum post-intervention volume. KYN can be considered 
a generic pro-inflammatory marker, as the enzyme that converts tryptophan to kynurenine 
in the liver, indoleamine 2,3 dioxygenase, is upregulated by pro-inflammatory cytokines, 
like IL-1β, tumour necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) (Allison et al., 2017). In 
addition, we previously reported associations between KYN levels and neuroinflammation 
and neurodegeneration measured with 1H-MRS (Vints et al., 2022a), suggesting KYN can 
serve as a surrogate marker of brain health. In addition to our results, higher KYN levels 
were associated with worse cognitive test scores in a previous study in older adults 
(Solvang et al., 2019). Concerning hippocampus subfield volume differences depending 
on cognitive status, a previous meta-analysis evaluating whole brain changes caused by 
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MCI has shown largest GMV decreases in the hippocampus, parahippocampal gyrus and 
amygdala in MCI compared to healthy older adults (Raine and Rao, 2022). Some authors 
have argued that CA1 (Pluta et al., 2012; La Joie et al., 2013) or subiculum (Hanseeuw et al., 
2011; Devivo et al., 2019) volumes are even better markers of MCI than whole hippocampal 
volume. The latter subfield was also influenced by MCI risk in our study.

A limitation of this study is that it took place during the COVID-19 pandemic. This 
not only caused additional drop-outs from the study, COVID-19 may cause neurological 
symptoms, brain structural and neurochemical changes (Douaud et al., 2021; Rapalino et 
al., 2021). A separate pre-to-post analysis of the COVID-19 cases in our study (here these 
participants were excluded) is currently under review (unpublished).

6. Conclusion

In conclusion, this randomized controlled trial investigated the effects of 12 weeks 
resistance exercise compared to a waiting list control group on changes in blood 
biomarkers, hippocampus subfield volumes, hippocampal neurometabolites and 
their interrelationship in older adults with low or high risk of MCI. The study found a 
negative association between resistance exercise-induced changes in CA1 volume and 
hippocampal tNAA/mIns levels in the exercise group, possibly indicating a role of glial 
cells in exercise-induced neuroplasticity. Furthermore, we found a significant difference 
for KYN levels and subiculum volume between older adults with low compared to high 
MCI risk. These findings broaden the knowledge on the multifactorial effects of resistance 
exercise in older adults and the influence of cognitive status. Ultimately, this study may 
serve future work on designing individualized exercise interventions aiming to improve 
brain health in older adults with or without MCI or prevent age-related cognitive decline. 
Further investigation is warranted to assess the potential benefits that older adults may 
derive from a resistance exercise program with alternative intensity levels compared 
to the intensity used in the present protocol. Additionally, it would be of great value to 
explore the necessity of a longer duration of resistance exercise programs to elicit more 
pronounced changes.
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Abstract

Background: The aging brain exhibits a neuroinflammatory state, driven partly by 
peripheral pro-inflammatory stimuli, that accelerates cognitive deterioration. A 
growing body of evidence clearly indicates that physical exercise partly alleviates 
neuroinflammation and positively affects the aging process and cognition. In this 
randomized controlled trial, we aimed to observe the effect of 12 weeks of resistance 
training (RT) on peripheral biomarker levels, cognitive function changes and their 
interrelationship, and explore differences in those exercise-induced changes in older 
adults with high risk of mild cognitive impairment (MCI) compared to older adults with 
low risk of MCI.

Methods: Fifty-two participants (aged 60-85 years old, 28 female) were randomly 
allocated to a 12 week lower limb RT program consisting of two training sessions per 
week or waiting list control group. The Montreal Cognitive Assessment (MoCA) was 
used to stratify participants screened as high (<26/30) or low risk (≥26/30) of MCI. We 
assessed serum Interleukin 6 (IL-6), Insulin-like Growth Factor-1 (IGF-1), and Kynurenine 
(KYN) levels. Cognitive measurement consisted of and four subtests of Automated 
Neuropsychological Assessment Metrics (ANAM), the two-choice reaction time, go/no-
go, mathematical processing, and memory search test.

Results: 12 weeks of RT improved Go/No-go test results in older adults with high MCI 
risk. RT did not significantly affect blood biomarkers. However, IGF-1 level increases 
were associated with improvements in response time on the mathematical processing 
test in the exercise group, and IL-6 level increases were associated with improvements 
in response time on the memory search test in the total group of participants. Finally, 
KYN levels significantly differed between older adults with low and high MCI risk but no 
significant associations with performance were found.

Conclusion: Our study results suggest a different effect of RT on inhibitory control 
between older adults with low compared to high MCI risk. IGF-1 may play a role in the 
mechanism behind the cognitive benefit of RT and KYN may be a surrogate biomarker 
for neurodegeneration and cognitive decline.
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1. Introduction

Cognitive decline is a natural part of aging and can have a significant impact on an 
individual’s quality of life and ability to live independently [1]. When objective evidence 
of cognitive impairment is present, the terminology employed distinguishes between 
mild cognitive impairment (MCI) and dementia, with the latter encompassing more than 
one cognitive domain and being characterized by a substantial interference with an 
individual’s daily life [2]. MCI, considered a preclinical, but still reversible, stage between 
healthy aging and dementia, is viewed as a potential target for interventions aiming to 
delay progression towards dementia [3][4]. The worldwide prevalence of MCI is substantial, 
manifesting in 15.6% of community-dwelling adults aged 50 years and older [4]. Moreover, 
the worldwide prevalence of dementia (57.4 million in 2019) is continuously rising, even at 
a faster pace than can solely be explained by the gradual increase in older adults living 
in our society, and expected to almost triple by 2050 [5][6][7]. Therefore, it is argued that 
interventions targeting risk factors of dementia and factors that are known to affect 
reversal from MCI to healthy aging, such as physical exercise, need to be implemented 
[3][6]. However, the complexity of the underlying mechanisms and the heterogeneity of 
potential approaches makes that researchers are still unable to compose the optimal 
exercise treatment strategy.

Evidence from systematic reviews and meta-analyses consistently demonstrated 
that regular exercise improves cognitive function in older adults [8][9]. However, the 
effect of exercise on cognition is subject to variation based on the exercise modalities 
employed, the cognitive domains selected, as well as the participant’s cognitive status. 
For instance, a network meta-analysis on the effect of exercise to improve cognition in 
older adults indicated that resistance training (RT) appears to have larger beneficial 
effects on cognitive and motor functioning than other exercise modalities, although more 
research has been done on aerobic exercise training [10]. In general, the beneficial effect 
of exercise was found for all subcognitive domains, with resistance exercise having the 
greatest benefits on executive function, according to a meta-analysis [11]. Another meta-
analysis in individuals with MCI showed that RT improved cognition and alleviated MCI 
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[12]. Additionally, a meta-analysis on the effect of aerobic exercise indicated a larger 
effect size for improvements in cognition in participants with MCI compared to healthy 
and demented participants [13]. To the best of our knowledge, no similar analysis exists 
for RT interventions.

While the exact mechanism for this effect is not fully understood, some studies 
have suggested a role of exercise-induced anti-inflammatory and neurotrophic blood 
biomarkers which could serve as precursors for exercise-induced neuroplasticity [14][15]. 
On the one hand, older adults with higher levels of circulating inflammatory markers and 
lower levels of neurotrophic factors have been found to have a higher risk of cognitive 
decline and the development of neurodegenerative diseases [16][17][18]. On the other 
hand, there is a considerable body of literature showing that physical activity can reduce 
the expression of pro-inflammatory markers, such as interleukin-6 (IL-6) and kynurenine 
(KYN), and increase levels of neurotrophic factors, such as insulin-like growth factor-1 (IGF-
1) in both cognitively intact older adults and older individuals with neurodegenerative 
disease conditions [19][20][21].

Based on these considerations, the primary aim of this exploratory study was to examine 
the relationship between RT-induced changes in blood levels of IL-6, KYN and IGF-1, and 
changes in cognitive function (specifically, processing speed and executive functions) in older 
adults and investigate whether this relationship was affected by the cognitive health status 
(high versus low MCI risk) of the older adult. First, we expected that resistance exercise would 
increase serum IGF-1 and would decrease serum IL-6 and KYN levels (hypothesis 1). Second, we 
expected that resistance exercise would improve cognitive performance (hypothesis 2). Based 
on the two previous hypotheses we further hypothesized that resistance exercise-induced 
changes in blood biomarkers and cognitive performance would be interrelated (hypothesis 3). 
Lastly, we expected that the changes induced by resistance exercise would be larger in older 
adults with a high MCI risk than in cognitively healthy ones (hypothesis 4).

2. Methods

2.1 Ethical approval and participants
Based on a priori sample size calculation done in G*Power 3.1, we needed to include 52 
participants in order to find an interaction effect with medium effect size using a repeated 
measures ANOVA test with alpha 0.05 and power 0.80. Taking into account the possibility of 
drop-outs, seventy older adults were included in the study. Participants were eligible for the 
study if they: (1) were 60 years and older; (2) were not currently on psychopharmacological 
medication or had used these types of drugs in the last five years; (3) voluntarily participated 
in the study; (4) were fluent in Lithuanian language; (5) were not regularly participating in 
any exercise program during the previous six months.
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Exclusion criteria were: (1) musculoskeletal disorders, especially of the lower extremity 
hindering participation in the exercise group; (2) neurological disorders such as previous 
brain injuries, stroke, multiple sclerosis, epilepsy, or neurodegenerative diseases, or a 
Montreal Cognitive Assessment (MoCA) score below 16/30 indicating possible undiagnosed 
dementia [22]; (3) psychiatric disorders such as depression or alcohol or drug abuse in 
the last five years; (4) diabetes mellitus; (5) deep vein thrombosis; (6) oncologic diseases 
or history of chemotherapy use; or participants that were not allowed or able to undergo 
magnetic resonance imaging (MRI) based on the exclusion checklist provided by the 
Department of Radiology, Lithuanian University of Health Science. MR data collected in 
the study are not presented in this article. For MRI results, see Vints et al., 2022, 2023 [23]
[24]; Sheoran et al., 2023 [25]; Valatkeviciene et al., 2023 [26]; and Levin et al., 2023 [27].

Participants were recruited and continuously enrolled between July 2020 and July 
2021 via presentations in local community organizations and contacting candidates from 
a list of patients provided by general practitioners. Interested individuals were invited to 
Saules Family Medical Centre, where the study’s goals, objectives, and methodology were 
explained in detail. Participants gave written consent prior to study enrolment. The protocol 
was approved by the Kaunas Regional Biomedical Research Ethics Committee (No. BE-10-
7). All participants signed an informed consent form prior to their inclusion in the study.

2.2 Study design
We conducted a single-blinded, two-arm randomized controlled trial with a 12 weeks 
intervention with lower body resistance exercises at the Institute of Sports Science and 
Innovation, Lithuanian Sports University. Randomization was performed using a stratified 
8-blocked randomization process, stratifying by MoCA score (below 26/30 and 26-30/30), so 
that each block contained two participants with low MoCA score (i.e., MoCA < 26) and two 
participants with high MoCA score (i.e., MoCA ≥ 26) allocated to the control group, and two 
participants with low MoCA score and two participants with high MoCA score allocated to 
the experimental group. The random allocation was accomplished in an Excel spreadsheet 
using a random number generator set to indicate either 1 or 2 for the exercise or control 
group. If two participants from the same group were in a block (N) of four participants with 
the same cognitive status, a third participant with the same cognitive status and allocated 
to the same group was assigned to block N+1. The final block of eight participants included 
only participants at high risk of MCI, and seven were assigned to the control group. We took 
this decision to correct for the higher number of drop-outs in the control group participants 
with high risk of MCI at the beginning of the project. The reason for the difference in 
number of drop-outs most likely existed because participants allocated to the control 
group were less motivated to return for follow-up assessments. Assessors of the outcome 
measurements were blinded for the allocation of the participants to the experimental or 
control group. The participants were not blind to their group allocation.
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The experimental group underwent 12 weeks of resistance exercise training, while the 
control group underwent no intervention. Participants from both groups were instructed 
to continue their daily life routines as usual. Following a cognitive screening with the 
MoCA test in the Saules Family Medical Center in Kaunas, Lithuania, participants were 
invited twice on separate days for additional testing at the Lithuanian Sports University 
in Kaunas, Lithuania. For each participant, the same test conditions were provided at the 
same time of day (8 am to 11 am) before and after the 12 weeks period. All participants 
were instructed to avoid unusual physical activity, alcohol, and caffeine intake the day 
before testing and to sleep at least 7 hours. They were asked to have breakfast at least 
1-2 hours before the experiment. During the first testing day, participants reported their 
demographic and medical characteristics (see section 2.3). All assessments (see section 
2.4-2.8) were performed before and after the 12 weeks intervention or control condition. 
See detailed description of the study procedure in Figure 1 and participant flow diagram 
in Figure 2.

2.3 Demographic and medical characteristics
All participants completed a questionnaire battery that assessed their demographic 
and medical characteristics, such as age, sex, educational level, and smoking status. 
Educational levels were categorized as primary, secondary, or higher education.

2.4 Physical activity assessment
Physical activity level was assessed using the IPAQ-SF. This self-report questionnaire 
comprises seven questions and four intensity levels of activity: 1) vigorous-intensity 
activity such as aerobics, 2) moderate-intensity activity such as leisure cycling, 3) walking, 
and 4) sitting [28]. Each activity type’s frequency (days per week) and duration (minutes 
per day) in the last seven days are recorded. Each type of activity is characterized by 
METs (metabolic equivalent of task), and total IPAQ score is estimated by adding up the 
calculated MET-minutes within each physical activity intensity level (vigorous intensity = 8.0 
MET, moderate intensity = 4.0, walking = 3.3 MET). Participants that indicated to burn 
less than 600 kcal/week are defined as sedentary, 600-3000 kcal/week as moderately 
physically active, and more than 3000 kcal/week as highly physically active.

2.5 Body composition analysis
Body weight (in kg), height (in cm), body fat percentage (fat %), and body mass index 
(BMI, in kg/m²) were measured before and after the intervention. Weight and fat% were 
estimated using leg-to-leg bio-impedance analysis (BIA, Tanita TBF-300-A).
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Experimental flow

3rd visit
• Questionnaires
• Cognitive tests

1st visit
• Informed 

Consent
• MOCA
• Blood 

collection

1st visit
• Blood collection

PRE

POST

Figure 1. Experimental flow chart. Abbreviations: MOCA, Montreal Cognitive Assessment; RM, 
repetition maximum.

2.6 Maximum voluntary knee extension force
The maximum voluntary contraction (MVC, in Newton meters) of isometric knee extension 
torque of the dominant leg was measured with Biodex System 3 dynamometer (Biodex 
Medical Systems, NY, USA). The highest MVC value out of two trials was recorded.
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Eligible participants (n = 74)

Excluded  (n = 4)
Served for pilot measurements (n = 2)
Pathological finding on brain MRI (n = 1)
Other reasons (n = 1)

CONTROLS AT 
BASELINE

Low MCI risk (n = 17)
High MCI risk (n = 22)

INTERVENTION

ENROLLMENT

Randomization (n = 70)

Drop outs (n = 18)
* Fear of catching
(COVID-19)
* Fear of
intervention-related
injuries
* Long MRI 
scanning time
* Not motivated for
second
assessment

Excluded from analysis (n = 0)

EXPERIMENTAL AT 
BASELINE

Low MCI risk (n = 17)
High MCI risk (n = 14)

CONTROLS AT 
FOLLOW-UP

Low MCI risk (n = 11)
High MCI risk (n = 14)

EXPERIMENTAL AT 
FOLLOW-UP

Low MCI risk (n = 14)
High MCI risk (n = 13)

12 WEEKS FOLLOW-UP

CONTROLS AT 
FOLLOW-UP

Low MCI risk (n = 11)
High MCI risk (n = 14)

EXPERIMENTAL AT 
FOLLOW-UP

Low MCI risk (n = 14)
High MCI risk (n = 13)

ANALYSIS

Figure 2. Participant flow diagram.
Please note that some participants enrolled in this project were excluded or dropped-out because 
of MRI scanning, while no MRI results are presented in this paper. Abbreviations: MCI, Mild cognitive 
impairment; MRI: Magnetic resonance imaging.
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2.7 Neurocognitive assessments
MoCA test. A MoCA examination was conducted by a mental health care professional to 
evaluate cognitive abilities. This test is considered reliable and consists of 12 items that 
assess seven cognitive domains, including visuospatial ability and executive functioning, 
naming, memory, attention, language, abstract reasoning, and orientation. All items 
contribute to a total score of up to 30 points, with a higher score indicating stronger 
cognitive functioning. One point is added to the total score if the participant had less 
than 13 years of education. The participants were classified into different groups based 
on their MoCA test scores, with a cutoff score of 26 being used for stratification. It is worth 
noting that a MoCA test score of 25 or lower is generally considered indicative of a high 
risk of MCI in an otherwise healthy geriatric population [22].

ANAM test. Specific cognitive domains were tested with four selected tests of the ANAM4 
(Automated Neuropsychological Assessment Metrics, version 4) test battery. The ANAM4 
test system consists of a library of 28 computer-based self-administered tests that 
assess different aspects of neurocognition including executive functions and attentional 
processes. Since maintaining attention, inhibitory control, basic computational skills, 
and working memory are crucial for independent daily living in older adults, we have 
selected specific subtests to evaluate these functions before and after the intervention. 
These subtests comprised two-choice reaction time, Go/No-Go, mathematical processing, 
and memory search tasks. Subjects completed the cognitive tests using a Lithuanian 
Sports University (LSU) computer running the test suite software in a quiet environment. 
The software automatically provides the already averaged results of each test. Outcome 
measure was the response time (in milliseconds, ms). Accuracy measures were used to 
exclude trials with more than 50% incorrect responses, as this may indicate that the 
subject did not understand the task. We decided also to delete response times that 
were faster than the best percentile of young male college students, based on normative 
values presented in the ANAM4 user manual, considering that this likely indicates that 
the participants did not adequately perform or understand the task and attained the 
50% correct responses by chance [29]. However, none of the participants‘ results had to 
be excluded based on this decision. A familiarization session took place 48-72h before 
the testing day and on the testing day the participants were allowed one practice trial 
before the results were being recorded.

2-choice reaction time test. We used this test to assess processing speed and alternating 
attention. It contains a motor speed component. The 2-choice reaction time test measures 
choice reaction time by presenting the participant with a “*” or “o” on the screen. The 
individual is instructed to respond as quickly as possible by pressing the left or right 
mouse button as soon as the stimulus appears.
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Go/No-go test. It is used to assess response inhibition. The participant is presented 
with two characters, “o” and “x” and needs to respond as quickly as possible to the “x” 
character each time the stimulus appears. The subject is instructed to do nothing when 
the character “o” appears (inhibit response).

Memory search test. The results of the memory search test are used as an index of 
attention, immediate recognition, and verbal working memory. The program uses letters 
and symbols to assess verbal working memory as symbolic and non-verbal subparts. 
The user sees a positive memory set of four letters on the screen (e.g., “T B Q U”). Then, 
individual characters are displayed, and the participant needs to press mouse buttons to 
indicate if each character is or is not a member of the positive memory set.

Mathematical processing test. The mathematical processing test results are used as an 
index of concentration, working memory, and computational skills. During the test, the 
participant needs to solve an arithmetic problem (e.g., “4+8-5=”). The task involves only 
three single-digit numbers and two operators. The subject needs to indicate whether the 
answer is less or higher than five.

2.8 Blood sampling
Serum IL-6, KYN, and IGF-1 concentrations were measured using the ELISA method (ELISA, 
Biotek, model ELX 800) with spectrophotometry (Spark 10M, Tecan Group Ltd. Zürich, 
Switzerland) by an experienced technician. A nurse drew the venous blood samples from 
the antecubital vein into 5 ml EDTA-K3 vacuum tubes. All blood samples were collected 
between 9:00 a.m. and 1:00 p.m. The second blood collection was carried out 2 to 4 
days after the last exercise session for participants in the experimental group. The tubes 
were gently inverted 8-10 times immediately after blood collection and kept at room 
temperature for no more than 30-35 minutes until centrifugation for 15 minutes at 4,000 
g centrifugal force. Subsequently, serum was aliquoted into 1.5 mL polypropylene tubes. 
The serum samples were frozen immediately after serum separation and kept at -80 °C 
in the freezing room of the LSU Institute of Sports Science and Innovation laboratory 
until further examination.

The IL-6 ELISA kit was purchased from DIAsource ImmunoAssays S.A., Belgium 
(KAP1216). The lower detection limit is 2pg/mL. The KYN ELISA kit was purchased from 
MyBiosource, Inc., USA. The lower detection limit is 45.7ng/mL. The IGF-1 ELISA kit was 
purchased from IBL International, GMBH, Germany (MD58011). The lower detection limit 
is 0.03ng/mL.
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2.9 Training intervention
RT intervention was conducted over 12 weeks in the Lithuanian Sport University gym 
in accordance with the National Strength and Conditioning Association (USA) position 
statement on resistance training for older adults [30]. Two to ten days prior to the 
exercise intervention, participants were familiarized with the RT procedure and underwent 
1-repetition maximum (1RM) testing. Two resistance training sessions were scheduled per 
week with a minimum of two days apart. Warm-up consisted of 5-min cycling on a cycle 
ergometer at an intensity (in Watts) approximately equal to the participant’s body weight in 
kilograms, followed by a few dynamic stretching and activation exercises including lunges, 
butt kicks, side step lunges, half-squats, and front and side cross swings. The training 
program comprised four exercises, namely knee extension (1), incline leg press(2), hamstring 
curls (3), and calf raise (4), using resistance training equipment from Technogym (Italy).

Each exercise was performed for 2-3 sets of 6-10 repetitions, at 70-85% of the baseline 
1RM, with a 2-minute rest between sets and a 3-minute rest between exercises. From 
week 1 to 3, participants did 8-10 repetitions, starting at 70-75% 1-RM; from week 4 to 9, 
they worked 6-8 repetitions, starting at 75-80% 1-RM; and from week 10 to 12, they did six 
repetitions starting at 80-85% 1-RM. After the first session and during each of the three 
training blocks the weight was adjusted according to the participants’ rate of perceived 
exertion (RPE) on a 10-point Borg scale. The weight was increased when the older adult 
indicated a score below seven on ten. The exercise sequence was periodically randomized. 
Qualified trainers supervised all training sessions.

2.10 Statistical analysis
IBM SPSS Statistics version 27 (IBM Corp., Armonk, NY) was used to perform all analyses. 
Data were initially inspected for outliers and normality. Extreme outliers were defined as 
values lying more than 3× the interquartile range away from the median and were excluded. 
Normality was checked graphically using PP-plots and histograms and numerically by a 
kurtosis and skewness measure between -2 and +2. If the normality assumptions were not 
met, data was log transformed. Homoscedasticity was tested with the Levene’s test.

First, independent t-tests and Chi² tests (or Fisher Exact tests, if the expected count in 
any of the cells was below 5) were used to assess group differences in baseline variables for 
continuous and categorical variables respectively. Two-way ANCOVA was used with either 
post-intervention blood biomarker levels or ANAM test results as a dependent variable. 
Group (experimental versus control) and cognitive status (low MCI risk versus high MCI risk) 
were entered as fixed factors, and age and pretest values of the dependent variable as 
covariates. Body fat % was entered as an additional covariate for analysis with IL-6 or KYN 
levels. We chose this approach instead of a three-way repeated measures ANOVA, because it 
was demonstrated that ANCOVA tests taking into account the pretest value of the dependent 
variable by entering it as a covariate in the model, rather than as a level of the time factor 
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in repeated measures ANOVA, reduce the population error variance and are therefore more 
powerful and precise [31]. Bivariate correlation R-values were calculated between the pre- to 
post-intervention changes in blood biomarker levels and ANAM test results for total group 
and experimental group. Spearman’s rho was chosen, because of the non-normal distribution 
of some of the outcome measures. Statistical significance was accepted at α = 0.05.

3. Results

3.1 Participants characteristics
18 of 70 participants (25.7%) dropped out during the intervention reporting the following 
drop-out reasons: COVID-19 infection or fear of getting infected, lack of motivation, or 
intervention related trauma or fear of injury. Participants’ ages ranged from 60 to 85 years 
(mean age: 69 ± 6.2 years) and over half (54.3%) were women. The descriptive values of 
the baseline characteristics after excluding the drop-outs are presented in Table 1. There 
was a significant difference at baseline between the experimental and control groups in 
educational levels and kilocalories burned per week. Missing values existed for IL-6 (n = 
3), KYN (n = 1) and IGF-1 (n = 1). The MVC of knee extension torque was measured only in a 
subgroup of participants (n = 31), used for analysis in a study of Sheoran et al. (2023) [25].

3.2 Blood biomarkers following 12 weeks of RT
Between exercise and control group effects and group x cognitive status interaction effects 
derived from the ANCOVA test were nonsignificant for IGF-1, IL-6, and KYN. Cognitive status 
significantly affected KYN level (p = 0.015); individuals with higher MCI risk had higher 
KYN levels.

Of note, effect size of the group effect for IL-6 was of a moderate level (pη²= 0.078, p 
= 0.089). IL-6 levels decreased by 6.5% in the control group while they increased by 43.5% 
in the intervention group. This change was particularly evident among older persons with 
high MCI risk, with IL-6 change of +53.7% in the exercise group and -8.9% in the control 
group. Table 2 presents the absolute values, and Table 4 contains the two-way ANCOVA 
results for the blood biomarkers.
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Table 1. Baseline participant characteristics and group differences

Control
(n = 25)

Experimental
(n = 27)

Total
(n=52)

p-value

Age 69.0 (5.9) 70.7 (5.6) 69.9 (5.8) 0.293

Sex:

• Male

• Female

12 (48.0%)

13 (52.0%)

12 (44.4%)

15 (55.6%)

24 (46.2%)

28 (53.8%)

0.797

Education:

• Higher

• Secondary

• Basic

22 (88.0%)

1 (4.0%)

2 (8.0%)

20 (74.1%)

7 (25.9%)

0 (0%)

42 (80.8%)

8 (15.4%)

2 (3.8%)

0.038*

Smoking status

• Smoker 1 (4.0%) 2 (7.4%) 3 (5.8%)

1.000

IPAQ-SF kcal/week 5759.8 (4542.3) 3296.7 (2711.3) 4480.9 (3873.1) 0.024*

IPAQ-SF PA level:

• sedentary

• moderately active

• highly active

1 (4.0%)

8 (32.0%)

16 (64.0%)

4 (14.8%)

13 (48.1%)

10 (37.0%)

5 (9.6%)

21 (40.4%)

26 (50.0%)

0.116

Height (cm) 168.6 (7.8) 165.0 (8.8) 166.9 (8.4) 0.080

Weight (kg) 77.4 (21.8) 77.3 (14.7) 77.4 (18.8) 0.988

BMI (kg/m²) 27.4 (3.3) 28.4 (4.6) 28.1 (5.0) 0.385

Body fat (%) 31.1 (8.0) 32.2 (9.6) 31.5 (9.4) 0.656

MVC (Nm) 158.1 (32.4) 141.6 (38.5) 149.0 (36.3) 0.212

MoCA score 24.5 (3.4) 25.6 (2.5) 25.0 (3.0) 0.204

High MCI risk

• 2-choice reaction time (ms)

• Go/No-go (ms)

• Memory search (ms)

• Mathematical processing (ms)

• IL-6 (pg/mL)

• KYN (ng/mL)

• IGF-1 (ng/mL)

14 (56.0%)

604.4 (113.3)

475.5 (56.2)

1193.1 (298.7)

3342.5 (1104.3)

7.5 (8.0)

1550.1 (724.3)

124.7 (50.0)

13 (48.1%)

637.1 (123.9)

471.8 (57.8)

1306.8 (239.6)

3170.0 (716.3)

7.8 (8.8)

1686.1 (872.3)

123.4 (62.0)

27 (51.9%)

621.4 (118.9)

473.6 (56.5)

1252.1 (273.0)

3253.0 (918.2)

7.6 (8.4)

1619.4 (798.1)

124.0 (55.9)

0.571

0.326

0.818

0.135

0.511

0.888

0.548

0.934

Continuous parameters are expressed as mean values (SD), p-values are derived from independent 
t-tests; categorical parameters are expressed as n (% of total), p-values are derived from Chi² tests or 
Fisher Exact tests. Significant p-values are marked *.
Abbreviations: ANAM, Automated Neuropsychological Assessment Metrics; BMI, body mass index; 
ELISA, enzyme-linked immunosorbent assay; IGF-1, insulin-like growth factor-1; IL-6, interleukin-6; 
IPAQ-SF, International Physical Activity Questionnaire-Short Form; KYN, kynurenine; MCI, mild cognitive 
impairment; MoCA, Montreal Cognitive Assessment; MVC, maximum voluntary knee extension torque.
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Table 2. Pre- and post-intervention blood biomarker absolute outcome values and percentage change

Group N Pre-Intervention Post-Intervention Δ (%)

IGF-1 (ng/mL) EXP 24 119.0 (57.6) 139.2 (85.4) +17.0

• hrMCI 12 118.0 (55.2) 143.2 (81.2) +21.4

• lrMCI 12 120.1 (62.4) 135.3 (92.8) +12.7

CON 18 112.5 (50.2) 136.3 (66.4) +21.2

• hrMCI 8 117.7 (58.3) 141.3 (58.3) +20.1

• lrMCI 10 108.3 (45.5) 132.4 (75.1) +22.2

Total 42 116.2 (54.0) 138.0 (77.0) +18.8

• hrMCI 20 117.9 (54.9) 142.4 (71.2) +20.8

• lrMCI 22 114.7 (54.4) 133.9 (83.3) +16.7

IL-6 (pg/mL) EXP 23 8.5 (9.2) 12.2 (12.2) +43.5

• hrMCI 12 6.7 (5.5) 10.3 (11.2) +53.7

• lrMCI 11 10.5 (12.0) 14.4 (13.5) +37.1

CON 20 7.7 (8.2) 7.2 (8.9) -6.5

• hrMCI 10 4.5 (4.2) 4.1 (3.1) -8.9

• lrMCI 10 11.2 (10.2) 10.7 (11.8) -4.5

Total 43 8.1 (8.6) 9.9 (11.0) +22.2

• hrMCI 22 5.6 (4.9) 7.3 (8.8) +30.4

• lrMCI 21 10.8 (10.9) 12.7 (12.6) +17.6

KYN (ng/mL) EXP 23 1582.3 (755.7) 1301.3 (606.4) -17.8

• hrMCI 11 1434.8 (650.6) 1442.3 (579.5) +0.5

• lrMCI 12 1717.4 (846.1) 1172.2 (626.2) +46.5

CON 22 1616.4 (709.1) 1507.1 (578.2 -6.8

• hrMCI 12 1308.2 (441.0) 1722.2 (593.8) +31.6

• lrMCI 10 2017.2 (808.8) 1227.5 (439.8) -39.1

Total 45 1599.3 (724.8) 1404.2 (595.0) -12.2

• hrMCI 23 1366.2 (538.2) 1593.9 (591.8) +16.7

• lrMCI 22 1853.7 (823.8) 1197.3 (537.7) -35.4

Only the values of the participants with pre-and post-intervention measurements were used for 
analysis.
Abbreviations: CON, control; EXP, experimental; hrMCI, high risk for mild cognitive impairment; IGF-
1, insulin-like growth factor-1; IL-6, interleukin-6; KYN, kynurenine; lrMCI, low risk for mild cognitive 
impairment.
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3.3 Cognitive performance changes
ANCOVA results did not indicate a significant group or cognitive status effect on 
neurocognitive performance. However, there was a significant interaction effect of group 
and cognitive status on Go/No-go test score (p = 0.010). The absolute values showed 
that resistance exercise improved reaction time more in older adults with high MCI risk 
(-4.3%) compared to healthy ones (-0.9%). In contrast, in the control group reaction times 
increased in older adults with high MCI risk (+2.1%), but decreased in healthy older adults 
(-6.8). Table 3 presents the absolute values and Table 4 contains the two-way ANCOVA 
results for cognitive tests.

3.4 Correlations between blood and cognitive changes
A significant negative correlation between changes in IGF-1 levels and changes in 
mathematical processing response time in the exercise group (r = -0.497, p = 0.014) was 
found (see Table 6, Figure 3). Furthermore, there was a significant negative correlation 
between changes in IL-6 level and changes in memory search score when combining 
experimental and control group (r = -0.313, p = 0.038) (see Additional File 1). Of note, 
after Bonferroni correction the needed significance levels was α = 0.002 (i.e. α = 0.05/21 
significance tests) to which none of the significant results comply, suggesting we cannot 
state with certainty that these findings are robust.
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Table 3. Pre- and post-intervention ANAM outcome values and percentage change

Group N Pre-Intervention Post-Intervention Δ (%)

ANAM 2-choice reaction time (ms) EXP 27 637.1 (123.9) 637.0 (133.1) -0.0

• hrMCI 13 662.7 (124.0) 645.0 (133.5) -2.7

• lrMCI 14 613.4 (123.4) 629.7 (137.3) +2.7

CON 24 599.3 (116.4) 593.2 (98.2) -1.0

• hrMCI 13 579.4 (123.0) 616.7 (113.9) +6.4

• lrMCI 11 621.0 (110.4) 567.6 (74.7) -8.6

Total 51 619.8 (120.8) 616.9 (119.3) -0.5

• hrMCI 26 622.7 (128.2) 631.4 (122.7) +1.4

• lrMCI 25 616.8 (115.5) 602.4 (116.3) -2.3

ANAM Go/No-go (ms) EXP 27 471.8 (57.8) 459.8 (62.6) -2.5

• hrMCI 13 480.2 (56.1) 459.6 (56.7) -4.3

• lrMCI 14 464.1 (60.3) 460.0 (69.8) -0.9

CON 23 472.3 (55.6) 463.3 (71.6) -1.9

• hrMCI 12 476.2 (53.0) 488.3 (76.0) +2.1

• lrMCI 11 468.0 (60.5) 436.0 (58.0) -6.8

Total 50 472.0 (56.2) 461.4 (66.2) -2.2

• hrMCI 25 478.2 (53.6) 473.3 (66.8) -1.0

• lrMCI 25 465.8 (59.1) 449.4 (64.7) -3.5

ANAM Memory search (ms) EXP 27 1306.8 (239.6) 1328.3 (316.3) +1.6

• hrMCI 13 1326.3 (212.7) 1288.8 (266.9) -2.8

• lrMCI 14 1288.7 (268.8) 1365.0 (362.4) +5.9

CON 23 1161.7 (271.5) 1204.9 (360.7) +3.7

• hrMCI 12 1145.9 (208.4) 1259.3 (408.3) +9.9

• lrMCI 11 1178.9 (337.3) 1145.5 (309.0) -2.8

Total 50 1240.0 (262.4) 1271.5 (339.7) +2.5

• hrMCI 25 1239.7 (225.8) 1274.6 (335.0) +2.8

• lrMCI 25 1240.4 (299.4) 1268.4 (351.1) +2.3

ANAM Mathematical processing 
(ms)

EXP 27 3170.0 (716.3) 3187.6 (704.1) +0.6

• hrMCI 13 3286.8 (919.7) 3226.4 (609.3) -5.7

• lrMCI 14 3061.6 (467.9) 3151.6 (803.6) +2.9

CON 23 3267.5 (1109.8) 3068.3 (1110.9) -6.1
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Table 3. Continued

Group N Pre-Intervention Post-Intervention Δ (%)

• hrMCI 12 3521.2 (1355.6) 3320.2 (1376.6) -5.7

• lrMCI 11 2990.8 (725.7) 2793.5 (686.4) -6.6

Total 50 3214.9 (909.7) 3132.7 (905.9) -2.6

• hrMCI 25 3399.3 (1131.1) 3271.4 (1027.8) -3.8

• lrMCI 25 3030.5 (582.5) 2994.0 (760.9) -1.2

Only the values of the participants with pre-and post-intervention measurements were used for 
analysis.
Abbreviations: ANAM, Automated Neuropsychological Assessment Metrics; CON, control; EXP, 
experimental; hrMCI, high risk for mild cognitive impairment; lrMCL, low risk for mild cognitive 
impairment.

Table 4. Two-way ANCOVA for blood biomarker and ANAM test results

Group Cognitive status Group*Cognitive status

p-value pη² p-value pη² p-value pη²

IGF-1 0.439 0.016 0.612 0.007 0.717 0.004

IL-6 0.089 0.078 0.401 0.020 0.476 0.014

KYN 0.372 0.021 0.015* 0.147 0.328 0.025

ANAM 2-choice reaction time 0.389 0.017 0.374 0.018 0.272 0.027

ANAM Go/No-Go 0.674 0.004 0.285 0.026 0.010* 0.141

ANAM Memory search 0.610 0.006 0.925 0.000 0.089 0.064

ANAM Mathematical Processing 0.175 0.041 0.736 0.003 0.752 0.002

The dependent variables are presented in the first row. p-values and effect sizes (partial eta squared) 
are given for the group effect, the cognitive status effect and their interaction (Group*Cognitive 
status). Significant p-values are marked *. The ANCOVA was adjusted for the dependent variable’s 
baseline value and for age. The general linear model for IL-6 and KYN were additionally adjusted for 
fat%. Of note, pre-intervention KYN, post-intervention IGF-1, post-intervention IL-6, pre-intervention 
ANAM mathematical processing, post-intervention ANAM memory search and post-intervention 
ANAM mathematical processing were log-transformed due to a non-normal distribution, and in pre-
intervention IL-6 and post-intervention IL-6 and KYN an extreme outlier was removed before analysis.
Abbreviations: ANAM, Automated Neuropsychological Assessment Metrics; IGF-1, insulin-like growth 
factor-1; IL-6, interleukin-6; KYN, kynurenine; MCI, mild cognitive impairment; pη² = partial eta squared
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Table 6. Bivariate correlations between changes in blood biomarkers and cognition in experimental 
group

ΔIL-6 ΔKYN ΔANAM
2-choice 

reaction time

ΔANAM 
Go/

No-go

ΔANAM 
Memory 
search

ΔANAM 
Mathematical 

processing

ΔIGF-1 R -0.271 0.022 -0.025 0.276 -0.001 -0.497*

p 0.210 0.922 0.907 0.192 0.997 0.014

ΔIL-6 R 0.155 -0.121 0.125 -0.289 0.254

p 0.492 0.581 0.569 0.181 0.242

ΔKYN R -0.004 0.004 -0.128 -0.167

p 0.986 0.986 0.559 0.446

ΔANAM
2-choice reaction time

R 0.432* 0.158 0.209

p 0.025 0.431 0.296

ΔANAM
Go/No-go

R 0.105 -0.206

p 0.602 0.303

ΔANAM
Memory search

R -0.156

p 0.436

Significant values are marked in bold, significance level * p < 0.05.
Δ values were calculated by subtracting the post-intervention value from the pre-intervention value.
Spearman’s rho correlation values are presented. Significant correlations are marked in bold.
Abbreviations: ANAM, Automated Neuropsychological Assessment Metrics; IGF-1, insulin-like growth 
factor-1; IL-6, interleukin-6; KYN, kynurenine
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Figure 3. Bivariate relationship between pre-to-post changes in IGF-1 and changes in ANAM 
Mathematical processing response time (ms) in experimental group. Positive values mark increases 
from pre- to post test. Abbreviations: ANAM, Automated Neuropsychological Assessment Metrics; 
IL-6, interleukin-6; MCI, mild cognitive impairment.

4. Discussion

Our research provides additional insights into the effects of resistance exercise on 
inflammatory and neurotrophic blood biomarkers and cognitive performance in older 
adults with low or high risk of MCI. In addition, we obtained new findings on the 
relationship between exercise-induced changes in circulating biomarkers and cognitive 
performance.

Our primary finding was that larger increases in IGF-1 levels following RT were 
associated with larger improvements in response time on the mathematical processing 
task. Overall, IGF-1 increased both in the RT and control group, with no significant 
differences between groups. Notably, although the relationship between IGF-1 changes 
and cognitive performance changes is in line with findings from previous literature 
(see below), our result did not reach the Bonferroni corrected significance level. These 
results can be compared to those of Tsai and colleagues. In 2015 and 2019 respectively, 
they reported associations between changes in IGF-1 levels and changes in response 
time on a variant of the oddball task following a 12 month RT intervention in healthy 
older adults [32], but not with changes in performance and a switching task following 
a 16 week RT intervention in older adults with MCI [33]. Furthermore, a cross-sectional 
study by Al-Delaimy and colleagues showed that IGF-1 levels relate significantly to verbal 
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fluency and global cognition in older men [17]. IGF-1 is thought to have neuroprotective 
effects, promoting the growth and survival of neurons in the brain, as well as reducing 
inflammation and oxidative stress [34]. Furthermore, it has been reported that either 
injecting IGF-1 or exercise-induced IGF-1 increases can improve the transcription of 
hippocampal Brain-Derived Neurotrophic Factor (BDNF) [35][36], widely known as a 
mediator of exercise-induced cognitive improvement [37]. These findings support the 
hypothesis that IGF-1 may play a role in RT-induced cognitive benefits but cannot claim 
it acts as a mediator of the exercise-cognition effect. For mediation analysis, a larger 
sample size is needed.

Furthermore, we discovered that increases over time in IL-6 levels were associated 
with improvements in memory search scores when evaluating the total group of 
participants. This was in contrast to our hypothesis and previous studies that have 
demonstrated an inverse association between working memory and IL-6 levels in older 
adults [38][39]. However, in the RT group, the relationship between changes in IL-6 and 
memory search response time was no longer significant. At the molecular level, the link 
between IL-6 and memory function is previously explained by cytokines’ involvement in 
synaptogenesis, neurogenesis, and memory consolidation [40]. Since the hippocampus 
has the highest expression of inflammatory cytokine receptors for IL-6 [41], peripheral IL-6 
change may affect hippocampus-related memory score. It should be noted, however, that 
IL-6 has both pro- and anti-inflammatory actions [42] and pro-inflammatory cytokines 
can both be beneficial and detrimental for neuroplasticity depending on their cerebral 
concentration [43].

Another important finding from our study is the significant ANCOVA interaction effect 
for group x cognitive status on Go/No-go response time. This finding indicates that the 
post-intervention response time on the Go/No-go test differs between RT and control 
group taking into account the baseline Go/No-go results depending on the older adults 
cognitive status. In line with our hypothesis, RT enhanced the improvement over time 
on this inhibition task to a higher extent in older adults with high MCI risk compared to 
healthy older adults. In turn, it is likely to interpret that the supportive effect of exercise 
is more pronounced in older adults with more cognitive loss. This finding is conform that 
of a meta-analysis on the effect of aerobic exercise, that indicated a larger effect size for 
improvements in cognition in participants with MCI compared to healthy and demented 
participants [13]. Furthermore, the fact that this was only found for the response inhibition 
task, and not for the processing speed and two working memory tasks is in line with 
previous meta-analyses suggesting that executive functions are more likely to respond 
to resistance exercise, with the working memory component of executive functions being 
less responsive [11][44]. Finally, it is important to take into consideration that the changes 
in inhibitory control observed in the RT group for high risk MCI participants could be 
partly due to social interaction resulting from group activities. Studies have shown that 
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participating in social leisure activities can help older adults maintain their cognitive 
abilities [45]. Similarly, engaging in group activities has been linked to increased cognitive 
function by promoting an overall sense of well-being [46]. Therefore, future studies should 
recruit control groups engaged in social interaction to reduce the potential confounding 
factors related to social experiences.

Finally, we found that post-intervention KYN levels were significantly higher in older 
adults with high MCI risk compared to older adults with low MCI risk. Consistent with our 
finding, cognitive impairment has been associated with higher KYN levels in individuals 
with type 2 diabetes mellitus [47] and acute post COVID-19 individuals [48]. KYN levels 
increase in case of elevated pro-inflammatory cytokine concentrations, which stimulates 
its conversion from tryptophan by indoleamine-2,3-dioxygenase [49]. It has previously 
been related to neuroinflammation [23], neurodegeneration [23], cognitive decline [50] 
and increased dementia risk [51]. It should be noted that KYN can be metabolized within 
the brain to quinolinic acid and kynurenic acid. The former was found to have detrimental 
effects on neuroplasticity by inducing neuroinflammation and an overactivation of NMDA 
receptors, while the latter was found to be an antagonist of the NMDA receptor with 
beneficial effects in low concentrations, but detrimental effects in high concentrations 
[52][53][54]. All these findings suggest that KYN may be a marker of neurodegeneration 
and cognitive decline.

A limitation of the study is that it took place during the COVID-19 pandemic. Three 
participants dropped-out because of confirmed COVID-19, while others may have had 
subclinical infections. We did not exclude participants with a history of COVID-19 before 
inclusion in the study. As COVID-19 has been reported to induce molecular signatures of 
aging in the brain [55], we should not overlook that our blood biomarker and cognitive 
findings may have interfered with this condition.

To conclude, this randomized controlled trial indicated that 12 weeks of resistance 
exercise did not significantly affect peripheral biomarkers in older adults with low or high 
MCI risk. However, when taking into account the older adults cognitive status, RT positively 
affected inhibitory control, particularly in older adults with a high risk of MCI. Moreover, 
our study results suggest that RT-induced increases in the neurotrophic factor IGF-1 may 
play a role in RT-induced improvements in mathematical processing. Finally, KYN is put 
forward as a potential blood biomarker related to cognitive impairment.
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Hippocampal neurometabolic 
and structural changes from 
pre- to post-COVID-19: 
a case-series study



Abstract

Background: Neurological complications of the COVID-19 infection may be caused in 
part by local neurochemical and structural abnormalities that could not be detected 
during routine medical examinations. We examined within subject neurometabolic and 
structural brain alterations from pre-to post-COVID-19 in the hippocampal region of 
three elderly individuals (aged 63-68 years) who had a COVID-19 infection with mild 
symptoms. Patients were participating in an interventional study in which they were 
closely monitored at the time they were diagnosed with COVID-19. Patients 1 and 2 just 
completed 18-20 resistance training sessions prior to their diagnosis. Patient 3 was 
assigned to a non-training condition in the same study.

Methods: Whole brain magnetic resonance imaging (MRI) images and proton magnetic 
resonance spectroscopy (1H-MRS) of the left hippocampus were collected before and 
after infection. Structural and spectroscopic imaging measures post-COVID-19 were 
contrasted to the pre-COVID-19 measures and were compared with values for Minimal 
Detectable Change at 95% (MDC95) and 90% (MDC90) confidence from a group of six elderly 
(aged 60-79 years) without COVID-19 that participated in the same study.

Results: After SARS-COV-2 infection, we observed a reduction of glutamate-glutamine 
(Glx) in Patients 1 and 2 (≥ 42.0 %) and elevation of myo-inositol (mIns) and N-acetyl-
aspartate (NAA) in Patient 3 (≥ 36.4%); all > MDC90. MRI findings showed increased 
(Patients 1 and 2) or unchanged (Patient 3) hippocampal volume.

Conclusions: Overall, findings from this exploratory study suggest that mild COVID-19 
infection could be associated with development of local neuroinflammation and reduced 
glutamate levels in the hippocampus. Our 1H-MRS findings may have clinical value for 
explaining chronic neurological and psychological complaints in COVID-19 long-haulers.
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1. Introduction

Coronavirus 2019 disease (COVID-19) is characterized by multiple neurological symptoms 
including anosmia and ageusia, and in more severe cases, encephalitis, cerebral 
infarctions and syncope[1][2][3]. Recent neuroimaging studies and brain autopsies have 
shown structural and neurochemical brain abnormalities associated with COVID-19 
that may lead to these complications[4][5][6][7][8][9]. The overall observations from 
these studies suggest that hemorrhagic infractions and moderate to severe microglial 
activation were the most frequent pathological findings in COVID-19 non-survivors[4][7]. 
Neuroimaging studies in living COVID-19 patients revealed, in addition to inflammatory 
and cerebrovascular brain lesions[5][6], also neurometabolic abnormalities in white 
matter[8] and prefrontal cortex[9][10].

Post-acute COVID-19 neuronal abnormalities such as hypoxic injury, hemorrhage, and 
non-specific inflammatory effects are likely to be more prevalent in patients with severe 
illness than in mild cases of COVID-19[8][11]. Long-term neurological and psychiatric 
conditions were also found in non-hospitalized COVID-19 patients which included besides 
mood and anxiety disorders[12], reduction in attention and working memory functions[11]
[12][13]. Cognitive and functional declines found in those COVID-19 long-haulers could 
be associated, at least in part, by local neurochemical abnormalities such as increased 
levels of myo-inositol[8] and decreased levels of glutamate and glutamate/glutamine 
ratio[9] that may not be detected during routine medical examinations. However, 
most neuroimaging studies on COVID-19 patients often overlook the effects of SARS-
CoV-2 infection on brain metabolites even though a large body of evidence exists to 
support the links between neurometabolic abnormalities and cognitive dysfunctions 
as consequence of viral infections[14]. Here, we present preliminary observations from 
proton magnetic resonance spectroscopy (1H-MRS) of the left hippocampus and MRI 
volumetric measurements of bilateral hippocampal regions in the same individuals 
before and after SARS-CoV-2 infection.

2. Methods

2.1 Patients and control subjects
Patients were three elderly adults (aged 63, 66 and 68 years; 2 females; Table 1) who, at 
the time of infection, were participating in a randomized controlled trial (RCT) that was 
specifically designed to examine the effects of resistance training on brain and blood 
biomarkers and cognitive/motor functions in elderly adults. All three patients were 
Lithuanian citizens from the region of Kaunas. All three patients were considered cognitively 
intact (all scored 28 or higher on the Montreal Cognitive Assessment - MoCA) and physically 
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abled-bodied with no severe morbidity conditions at the time of inclusion and had no 
medical history of COVID-19. The experimental protocol was approved by the local Medical 
Ethics Committee for Biomedical Research (No. BE-10-7), and a written informed consent 
was obtained from all participants prior to their inclusion in the original study. Before 
COVID-19 data collection was performed 60-79 days before participants were reported to 
be diagnosed with the SARS-CoV-2 virus infection. Exposure to high-risk contacts was 3-5 
days before onset of symptoms in Patient 1 and 3 days in Patient 2 (no information exists 
for Patient 3). All three patients presented mild COVID-19 symptoms that did not require 
hospitalization. Reported illness durations were 12 to 19 days. The second (post COVID-19) 
1H-MRS and MRI scanning sessions, blood collection, and behavioral tests were performed 
19-31 days after positive COVID-19 Polymerase Chain Reaction (PCR) test was taken, and 7-16 
days after patients had been cleared by their general practitioners. Concerning the originally 
designed study, Patient 1 completed 20 resistance-training sessions and Patient 2 completed 
18 resistance-training sessions prior to their diagnosis with COVID-19. Patient 3 was assigned 
as a passive control in the same study and did not undergo any training program prior to 
his infection. Clinical assessments for depression and anxiety diagnoses were performed 
by a qualified, mental health care specialist (co-author SK) using the Hospital anxiety and 
depression scale (HADS). None of the three patients presented neuro long-COVID symptoms 
after being declared healthy by their general practitioners. Lastly, we included six elderly 
adults (age range 60-79 years; 3 females; MoCA ≥ 26) that were randomly selected for the 
purpose of this study. They were all control subjects in the original RCT. These participants 
underwent the same data collection protocol as that of the experimental group but did 
not undergo any training. All six controls had no severe morbidity conditions at the time 
of their inclusion and, to our knowledge, were not diagnosed with or developed COVID-19 
symptoms prior or during their participation in the RCT. The mean (SD) time between first 
and follow-up scanning sessions was 110 ± 13 days.

2.2 Neuroimage acquisition and processing
MR images and 1H-MRS spectra were acquired on a Siemens 3T MAGNETOM Skyra scanner 
(Siemens Healthineers, Erlangen, Germany) with a 32-channel receiver head coil. The 
scanning protocol included: high resolution T1-weighted (T1W) whole brain scan (TR/TE 
= 2200/2.48 ms, 0.9 × 0.9 × 1.0 mm³ voxels, field of view: 230 × 256 mm, 176 sagittal slices), 
T2-weighted (T2W) turbo-spin echo scan, fluid-attenuated inversion recovery (FLAIR), and 
susceptibility weighted imaging (SWI). Images were reviewed by an experienced radiologist 
with more than 10 years of experience (co-author KV). 1H-MRS spectra were acquired using 
a Point Resolved Spectroscopy (PRESS) sequence with the following parameters: TR/TE = 
2000/30 ms, 128 averages with and without water suppression, acquired from a 26 × 12 × 
12 mm3 voxel positioned in the left hippocampus. 1H-MRS spectra from the three COVID-19 
patients pre- and post-COVID-19 are illustrated in Figure 1.
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Table 1: Clinical information and testing chronology of the three patients with COVID-19

Patient 1 (63 yr./F) Background: The patient enrolled into the study in August 2020. She was 
in good health, has no known chronic illness, and was not taking any 
medication. First MRI session was performed on the 22nd of August 2020. 
Laboratory tests were performed on the 27th of August 2020. The patient 
completed 20 resistance-training sessions prior to her infection with 
COVID-19. Post COVID-19 MRI and laboratory tests were performed on the 5th 
and the 9th of December 2020, respectively.

COVID-19 diagnosis & symptoms: Possible moment of a high risk contact 
was 3 to 5 days before symptoms. Polymerase chain reaction (PCR) test was 
performed, upon onset of symptoms, on the 9th of November 2020 and the 
patient was diagnosed with COVID-19 on the same day. Symptoms included 
anosmia, ageusia, arthralgia, myalgia, nausea and somnolence. No fever, 
no blood pressure changes. The patient recovered within 2 weeks and 
returned to work on the 23rd of November 2020.

Treatment & medication: The patient was prescribed naproxen 550mg once 
per day for pain relief for 4 days.

Patient 2 (68 yr./F) Background: The patient enrolled into the study in October 2020. She was 
diagnosed with glaucoma (medication: travaprost 40µg/mL, daily drops 
into eyes) but was otherwise in good health and was not taking any peroral 
medications.
First MRI session was performed on the 17th of October, 2020. Laboratory 
tests were performed on the 23rd of October, 2020. The patient completed 
18 resistance-training sessions prior to her infection with COVID-19. Post 
COVID-19 MRI and laboratory tests were performed on the 16th and the 21st 
of January 2021, respectively.

COVID-19 diagnosis & symptoms: Possible moment of a high risk contact 
was 3 days before symptoms. PCR test was performed (upon onset of 
symptoms) on the 28th of December 2020 and the patient was diagnosed 
with COVID-19 on the same day. The symptoms included anosmia, ageusia, 
somnolence, subfebrile, and hypotension. The patient was declared healthy 
by her general practitioner (GP) on the 9th of January, 2021.

Treatment & medication: paracetamol 500mg per day for two days and 
ibuprofen 400mg every 4 hours for two days. The patient took vitamin C, 
vitamin D and Zinc supplements.
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Table 1: Continued

Patient 3 (66 yr./M) Background: The patient enrolled into the study in October 2020. He has 
hypertension but was otherwise in good health and was taking ramipril 
10mg daily (non-centrally active ACE inhibitor). First MRI session was 
performed on October 24th, 2020. Laboratory tests were performed on the 
29th of October, 2020. The patient was enrolled as a control subject and did 
not undergo resistance training. Post COVID-19 MRI and laboratory tests 
were performed on the 23rd and the 27th of January 2021, respectively.

COVID-19 diagnosis & symptoms: No reported high risk contacts. First 
symptoms (myalgia, arthralgia) appeared 2-3 days before PCR test. Patient 
reported subfebrile on the 22nd of December, 2020. PCR test was performed 
on the 23rd of December, 2020 and the patient was diagnosed with COVID-19 
on the same day. The symptoms included anosmia, ageusia, somnolence, 
headache, subfebrile, and hypotension. The patient was declared healthy 
by his GP on the 11th of January, 2021.

Treatment & medication: Single dose of paracetamol 500mg. Vitamin C, 
vitamin D and Zinc supplements.

Abbreviations: NAA = N-acetyl aspartate; Glx = glutamate-glutamine complex; Cho = total choline; 
mIns = myo-inositol; Cr = creatine + phosphocreatine.
ICC2,1 was calculated using a two-way random model for absolute agreement. Negative ICC values 
are set to zero. n = number of samples. 1,2Missing 1H-MRS data from one (NAA, Cho, mIns, and Cr) or 
two (Glx) healthy controls; for details, see supplemental Table S1. 3A blood-sample from one healthy 
control was not collected at follow-up.
Standard error of measurement (SEM) was calculated as follows: SEM = SD(before COVID-19) × √ 
(1 - ICC2,1).
Minimum detectable change (MDC) at 90% (MDC90; not shown) and 95% (MDC95) levels of confidence 
were calculated as follows: MDC95 = 1.96 × SEM ×√ 2; MDC90 = 1.645 × SEM ×√ 2.
Pre-to-post changes of > MDC95 were interpreted as true changes (bold + underlined text). Pre-to-
post percentage difference of > 30% and/or > MDC90 were considered as trends (bold text).
†Values presented are the absolute (water-referenced) concentrations (in institutional units). 
Metabolic ratios to Cr are reported in Supplemental Table S2.
‡ Segmented subfield volumes are reported in Supplemental Table S3.
§ Hospital Anxiety and Depression Scale (HADS) scores considered normal if < 8.
# Interleukin 6 (IL-6) normal range: 5-15 pg/ml.

Spectra were processed using the LCModel software package, Version 6.3 (http://
www.lcmodel.com/) and data were analyzed to quantify absolute (water-referenced) 
concentrations of N-acetyl-aspartate (NAA), choline (Cho), myo-inositol (mIns), glutamate-
glutamine complex (Glx), and total creatine (Cr). Spectra with FWHM (full width at half 
maximum) > 0.1 ppm or SNR (signal-to-noise ratio) < 5 were excluded. All neurometabolites 
were quantified with a Cramér-Rao lower bound (CRLB) < 20%. We were interested 
specifically in examining changes in levels of NAA, mIns, and Glx from pre- to post-COVID-19 
scanning sessions. NAA has been demonstrated to be a predictor of neuronal density and 
NAA levels decline can be taken as a marker for neuronal damage or neuronal loss[8][9]
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[14]. Myo-inositol can be taken as an indicator for astrogliosis and inflammation[8][14]. Glx 
represents the sum of glutamate which is main neurotransmitter involved in cognitive/
motor control[15][16] and glutamine. The aforementioned neurometabolites were found 
to be valuable biomarkers of cognitive and motor dysfunctions in normal aging[15][16]
[17] and neurodegenerative disorders[18][19]. One MRS scan from a healthy control was 
excluded due to low-quality (before COVID-19 scan: FWHM = 0.12 ppm, SNR = 3). Therefore, 
longitudinal 1H-MRS data were available from only five healthy controls (see Table S1 in 
the Supplementary Appendix). Test-retest reliability for Glx were estimated from a sample 
of four subjects (one data point was considered as an outlier; see supplemental Table S1).

Hippocampal volume changes (both left and right) were analyzed using FreeSurfer 
v7.1.1 (Harvard, MA, USA, http://surfer.nmr.mgh.harvard.edu/). Isotropic 3D T1W images (0.9 
mm slice thickness) from 18 scans of nine subjects (i.e., first and follow-up scans from 
the three COVID-19 patients and the six healthy controls) were first processed separately 
with the cross-sectional fully automated script. This step was then followed by joint 
analysis of each subjects’ pairs of initial and follow-up scans in the automatic longitudinal 
analysis pipeline with an additional command to automatically segment the hippocampal 
subfields. Hippocampal volumes were divided by intracranial volume for each subject to 
adjust for differences in head size.

2.3 Interleukin-6 (IL-6)
Blood samples (10 ml) were collected via venipuncture at the antecubital vein, and were 
centrifuged immediately (10 min, at 3500 rpm, 4 °C). Serum was stored at -80°C until the 
analysis. IL-6 concentrations were measured using a commercially available ELISA kit 
(DIAsource ImmunoAssays S.A., Belgium, KAP1216). Lower limit of detection was 2 pg/ml. 
Absorbance was measured using spectrophotometer at 450 nm absorbance.

2.4 Statistical analysis
A single measure two-way random effects model for absolute agreement between first and 
follow-up measurements from the healthy controls was used to estimate the interclass 
correlation coefficient (ICC) for test/retest reliability of hippocampal metabolites and 
volumetric data. The standard error of measurement (SEM) and the minimal detectable 
change (MDC) values were calculated for each of the neurometabolites and left/right 
hippocampal volumes, serum IL-6 levels, and HADS scores (Table 2). The MDC values were 
calculated from SEM at 90% confidence (MDC90) to indicate a trend and at 95% confidence 
(MDC95) to indicate a real change for individual patients.
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Figure 1. 1H-MRS spectra from the left hippocampus of the three COVID-19 patients before SARS-
COV-2 infection (A) and after recovery from COVID-19 (B). Spectral quantification was performed 
with LCModel (version 6.3). Pre MRS acquisitions were taken 79 days (Patient 1), 72 days (Patent 
2), and 60 days (Patient 3) before infections. Post-COVID-19 MRS sessions were performed 12 days 
(Patient 1 and Patient 3) and 7 days (Patent 2) after the reported recovery (see Table 1 for details). 
Abbreviations: NAA = N-acetyl aspartate; Glx = glutamate-glutamine complex; Cho = total choline; 
mIns = myo-inositol; Cr = creatine + phosphocreatine. Corresponding spectrum (black) and LCModel 
fit (red) from each patient are illustrated.
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3. Results

Pre- and post-COVID-19 (patients) or follow-up (controls) measures of the absolute 
water-referenced concentrations of NAA, Glx, Cr, Cho, and mIns are shown in Table 2A. 
Our findings indicated alterations in 1H-MRS spectral profiles of the left hippocampus 
after recovery from COVID-19. Specifically, we observed reductions in Glx concentration in 
Patients 1 and 2 (≥ 42.0 % reduction from before COVID-19; both > MDC95), a trend towards 
an increased mIns in Patient 1 (32.4 % elevation; < MDC90) and a visible increase of mIns 
and NAA levels in Patient 3 (≥ 36.4 % elevation; both > MDC90). No pre-to post-COVID-19 
changes or trends were observed for Cho and Cr (all three patients), Glx (Patient 3), mIns 
(Patient 2), or NAA (Patients 1 and 2). Similar trends were observed when examining pre- 
and post-COVID measures of metabolite ratios to Cr (see supplemental Table S2) with the 
exception of reduction of Cho/Cr ratio in Patient 3 (16.6 % reduction; > MDC95).

Both Patients 1 and 2 showed an overall increase in the volume of left hippocampus 
body (≥ 4.94 % increase from before COVID-19; both > MDC95). A detailed inspection of the 
hippocampus subfields (see supplemental Table S3) revealed that these increases can be 
attributed primarily to enlargements of the left CA3-body, left CA4-body, left GC-ML-DG-
body, and left parasubiculum regions (≥ 6.85%; all > MDC95). An increase was also noted in 
the total volumes of left hippocampal head of Patient 1 (4.29 %) and right hippocampal 
body of Patient 2 (4.07 %); both > MDC95. There were no overall pre to post differences for 
the change in hippocampal volume of Patient 3. However, inspection of the hippocampus 
subfields revealed enlargements of right and left parasubiculum (≥ 9.16%) and reduction 
of the left subiculum body (7.46%); all > MDC95.

Since an increased mIns concentration may be casually linked with elevated 
expressions of pro-inflammatory cytokines we further tested serum samples obtained 
from the three patients before and after recovery from COVID-19 to examine if there 
was an increase in serum levels of interleukin 6 (IL-6) relative to their pre-infection 
levels. The levels of IL-6 were observed to drop in all three patients (Table 2C). However, 
elevated levels of IL-6 were found in Patient 3 (76.7 pg/ml) before SARS-COV-2 infection. 
This suggests that Patient 3 may have developed an inflammatory condition prior to his 
inclusion in the RCT that was not worsened by the COVID-19 infection.

Finally, all three subjects showed higher scores on the HADS for depression and/
or anxiety after recovery from COVID-19 as compared to their before COVID-19 levels 
(Table 2D). However, changes in HADS-anxiety and HADS-depression categories were not 
consistent across the three patients. Noticeably, the greatest increase in the combined 
anxiety and depression scores were observed in Patients 1 (total of + 7 point) and 2 (total 
of + 6 points) for whom Glx levels were found to decline following their recovery from 
COVID-19.
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Table 2: Longitudinal comparison of left hippocampus metabolite concentrations 

Patient 1 Patient 2 Patient 3
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(A) 1H-MRS†

Δ (%) Δ (%) Δ (%)

NAA 5.33 5.94 +11.3 7.03 5.76 -18.1 4.81 6.57 +36.4

Glx 10.9 6.34 -42.0 9.18 4.64 -49.5 7.90 7.75 -1.89

Cho 1.34 1.58 +14.7 1.96 1.80 -8.36 1.55 1.39 -10.4

mIns 5.44 7.21 +32.4 7.60 6.35 -16.4 3.75 5.85 +56.1

Cr 6.06 6.50 +7.30 5.85 5.61 -4.17 5.27 5.66 +7.50

(B) MRI-based hippocampal volumetrics (mm3)‡

Δ (%) Δ (%) Δ (%)

Left body 1402 1477 +5.34 1118 1173 +4.94 1245 1215 -2.42

Left head 2005 2092 +4.29 1549 1579 +1.97 1865 1866 +0.04

Left total 4119 4310 +4.63 3189 3273 +2.63 3641 3605 -0.98

Right body 1455 1470 +0.98 1144 1190 +4.07 1270 1279 +0.71

Right head 1816 1816 -0.01 1686 1745 +3.48 1976 2003 +1.41

Right total 4032 4062 +0.74 3441 3568 +3.67 3836 3892 +1.46

(C) Inflammatory biomarkers#

Δ Δ Δ

IL-6 (pg/ml) 10.8 8.80 -2.10 11.7 6.30 -5.4 76.7 39.6 -37.1

(D) HADS §

Δ Δ Δ

Depression 2 3 +1 1 5 +4 0 3 +3

Anxiety 2 8 +6 2 4 +2 4 4 0

(A), hippocampal volumes (B), serum levels of interleukin 6 (IL-6) (C), and Hospital Anxiety and 
Depression Scale (HADS) scoring (D) before and after infection with SARS-COV-2. Percentage 
changes relative to before (% Δ) or absolute changes (Δ) from before SARS-COV-2 infection are 
presented for the three COVID-19 patients (left-hand panel). Test-retest reliability assessments 
for first and follow-up data from six older controls with no history of COVID-19 (right-hand panel).
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Table 2. Longitudinal comparison of left hippocampus metabolite concentrations (continued)

Controls

Mean (SD) 
before

Mean (SD) 
follow-up

ICC2,1 (n) SEM MDC95 MDC95
 

(% before)

(A) 1H-MRS†

NAA 6.16 (0.66) 6.33 (0.50) 0.149 (n=5)1 0.61 1.69 27.5

Glx 9.55 (1.09) 9.88 (0.51) 0.527 (n=4)2 0.75 2.08 21.7

Cho 1.80 (0.22) 1.87 (0.26) 0 (n=5) 0.22 0.61 33.8

mIns 7.14 (0.90) 7.94 (1.54) 0 (n=5) 0.90 2.49 34.9

Cr 6.19 (0.92) 6.03 (0.64) 0 (n=5) 0.92 2.55 41.2

(B) MRI-based hippocampal volumetrics (mm3)‡

Left body 1094 (68) 1111 (69) 0.944 (n=6) 16.1 44.8 4.09

Left head 1656 (163) 1642 (194) 0.979 (n=6) 23.7 65.6 3.96

Left total 3279 (236) 3292 (272) 0.972 (n=6) 39.5 109.4 3.34

Right body 1152 (100) 1149 (113) 0.980 (n=6) 14.2 39.3 3.41

Right head 1701 (171) 1712 (198) 0.960 (n=6) 34.3 95.0 5.58

Right total 3456 (354) 3460 (390) 0.984 (n=6) 44.7 124 3.59

Inflammatory biomarkers#

IL-6 (pg/ml) 17.2 (11.7) 17.6 (13.9) 0.350 (n=5)3 9.41 26.1

(D) HADS §

Depression 1.83 (3.06) 3.00 (3.41) 0.840 (n=6) 1.22 3.39

Anxiety 4.00 (3.52) 4.83 (4.12) 0.601 (n=6) 2.22 6.17

4. Discussion

We described findings from three recovered COVID-19 patients who underwent 1H-MRS and 
anatomical MRI scanning of the brain to examine neurometabolic and structural changes 
that may be caused by the disease. The results of the post-COVID-19 scanning sessions were 
compared with pre-COVID-19 data, which were obtained from the same individuals prior to 
their infection by the SARS-CoV-2 virus. Two of the three patients showed a general reduction 
of Glx concentration in agreement with the findings of a case report by Yesilkaya et al.[9], who 
reported decreased prefrontal NAA, glutamate, and glutamate/glutamine ratio in a patient 
after acute COVID-19. In addition, Patient 1 and Patient 3 demonstrated elevated mIns levels, 
in line with observations from a 1H-MRS study by Rapalino et al.[8] who reported elevated 
mIns levels in severe COVID-19 patients with leukoencephalopathy during the acute phase 
of the disease.
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Increased levels of mIns is expected to be associated with an increased expression of 
pro-inflammatory cytokines in astrocytes and microglial cells similar to that seen in HIV 
infection[14], Alzheimer’s disease[18] or neurodegenerative disorders such as amyotrophic 
lateral sclerosis[19]. Elevated IL-6 levels are commonly reported in COVID-19 patients 
as an expression of cytokine-triggered inflammatory reaction[20][21][22]. We examined 
whether increased levels of mIns in Patient 1 and Patient 3 would be accompanied by 
elevation of serum levels of IL-6. However, we found no association between elevation 
of mIns and increased serum levels of IL-6 in these two patients. The elevated levels of 
mIns (but not serum levels of IL-6) in two of three COVID-19 patients in our study could 
be interpreted as a marker of local neuro-inflammation without a (remaining) systemic 
inflammatory response; implying that blood samples may be insufficient to detect those 
neuroinflammatory responses in mild or asymptomatic COVID-19 cases. Therefore, we 
propose that 1H-MRS should be considered as a diagnostic tool to detect inflammatory 
foci in the brain of COVID-19 patients with neurological symptoms. Specifically, mIns levels 
should be considered as potential biomarkers for neurodegenerative abnormalities[8] 
and persisting cognitive consequences of COVID-19.

Infection of the central nervous system (CNS) can be explained in part as a response 
to binding of the SARS-CoV-2 virus to angiotensin-converting enzyme 2 (ACE2) receptors 
in the CNS[3][23]. After binding, the virus is recognized by immune cells on the neural 
surface that then start an inflammatory response possibly leading to increased glial cell 
activity and glial inflammation[24][25][26]. Glial inflammation in the hippocampus could 
partly be associated with the observed elevation of mIns in Patient 3 and more generally 
explain the observed declines in memory and mental functions or hippocampal volume 
loss seen in COVID-19 patients during and/or after the acute phase[2][3][10][11][12][14]
[23][24][25][26][27]. In contrast to our expectation we found no hippocampal volume loss. 
Rather we observed a consistent increase of hippocampal volume (specifically but not 
exclusively in the left hippocampal body subfields) in two of our patients (Patients 1 and 2) 
who were included in a resistance-training program prior to their infection. The question 
remains open whether exercise can partly protect against pro-inflammatory processes 
and volume loss[28] that may be caused by COVID-19 infection.

The expression of ACE2 receptors in glutamatergic and GABAergic neurons[23] could 
suggest that inflammatory reactions triggered by the SARS-CoV-2 virus infection may also 
interrupt signaling pathways in the pre- and postsynaptic excitatory and inhibitory neurons 
which could possibly lead to glutamate excitotoxicity as seen in other viral infections[14][29]. 
Evidence for glutamate excitotoxicity as manifested by elevated levels of glutamate/glutamine 
in the brain tissue were previously reported in intubated COVID-19 patients[8]. However, we 
found no evidence for glutamate excitotoxicity in our patients as Glx levels measured in the 
post-COVID-19 scanning session decreased (Patients 1 and 2) or remained stable (Patient 
3) relative to their pre-COVID-19 levels. The decrease in glutamatergic regulation is in line 
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with findings from TMS studies in COVID-19 long-haulers with neurological symptoms, where 
cortical hypoexcitability has been described [30][31]. However, to our knowledge, none of 
our participants developed neurological post-COVID-19 symptoms. Downregulation of 
glutamatergic and GABAergic neurotransmission (as well as lower levels of glutamate and 
GABA) has been implicated in a variety of age-related cognitive/motor declines[32], psychiatric 
disorders[33][34], and neuroplasticity[35] which may partly explain manifestation of persistent 
neuronal symptoms such as depression, attentional disorders and fatigue after the acute 
phase of the illness[5][27][36]. Based on the observations from this case study (specifically, 
increase of HADS-Anxiety and HADS-depression scores in Patients 1 and 2), we suggest that 
in addition to pro-oxidative and pro-inflammatory effects[37][38], cognitive changes observed 
in COVID-19 patients may be attributed partly to reduced hippocampal glutamate.

In addition to the possible role of inflammation, recent evidence from neuroimaging 
studies also suggested that alterations in brain structural and functional properties 
observed in COVID-19 patients could be caused by conditions with hypoperfusion (e.g., 
[39]; for a review see Cull et al., 2023 [40]). Thus, it is tempting to speculate that some 
of the metabolic changes observed in the current study could be explained at least in 
part by decreased cerebral blood flow (CBF) and hypoperfusion (e.g., [41]). For example, 
decreased NAA levels in Patient 2 or increased level of Cho in Patient 1. This presumption 
is supported by evidence from animal models [42][43] and observations in patients 
with circulatory impairments [44][45][46]). For example, findings from animal studies 
have shown that decreased cerebral blood flow (CBF) was accompanied by a significant 
reduction in hippocampal NAA concentration [42][43]. Interventional studies in patients 
with circulation impairments or at high risk of developing recurrent infraction reported 
that post-intervention recovery of blood reperfusion in the brain was associated with 
recovery of NAA signal [44][45] or reduction in choline Cho/Cr and increase of NAA/Cho 
ratios [46]. We need to emphasize, nevertheless, that the MRI protocol used in our study 
did not include monitoring of CBF. Therefore, our data cannot provide supporting evidence 
for a direct link between tissue metabolism and blood perfusion.

It should be noted that this study has several limitations: This study was not 
planned or preregistered before the results were obtained. Only three COVID-19 patients 
were included, all three of them suffered only mild symptoms, and we expect potential 
confounding effects of the exercise program on the results of two of the three patients, 
as was discussed. Finally, only 1H-MRS changes in the left hippocampus were investigated. 
Therefore, our results should be regarded as an exploratory basis, which allows readers 
to draw hypotheses. However, readers should not draw final conclusions.

To summarize we have shown that SARS-CoV-2 infection may cause changes to the 
neurometabolic state of the hippocampus, indicating neuroinflammation and metabolic 
abnormalities that may persist beyond the acute phase of the disease. To the best 
of our knowledge, our study is the first one to offer observations from longitudinal 
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1H-MRS measures that were acquired from the same subjects before their infection 
and immediately after the acute phase of COVID-19. The study has some limitations, 
specifically: small sample size, inclusion of only mild COVID-19 patients, and the possible 
confounding effects of exercise. Therefore, generalization of the present findings should 
be made with caution. However, they may serve others to formulate new hypotheses and 
guide future studies. In addition, we argue that more studies should examine the role 
of 1H-MRS as a diagnostic, prognostic and predictive tool for assessment of long-lasting 
neurological and neuropsychiatric impacts of COVID-19.
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Abstract

Persons with spinal cord injury (SCI) can suffer accelerated cognitive aging, even when 
correcting for mood and concomitant traumatic brain injury. Studies in healthy older 
adults have shown that myokines (i.e. factors released from muscle tissue during 
exercise) may improve brain health and cognitive function. Myokines may target chronic 
neuroinflammation, which is considered part of the mechanism of cognitive decline both 
in healthy older adults and SCI. An empty systematic review, registered in PROSPERO 
(CRD42022335873), was conducted as proof of the lack of current research on this topic in 
people with SCI. Pubmed, Embase, Cochrane and Web of Science were searched, resulting 
in 387 articles. None were considered eligible for full text screening. Hence, the effect of 
myokines on cognitive function following SCI warrants further investigation. An in-depth 
narrative review on the mechanism of SCI-related cognitive aging and the myokine-
cognition link was added to substantiate our hypothetical framework. Readers are fully 
updated on the potential role of exercise as a treatment strategy against cognitive aging 
in persons with SCI.
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1. Background

Spinal cord injury (SCI) is known to have an association with cognitive impairment 
(Sachdeva et al., 2018; Y. Li et al., 2020a). However, any cognitive impairment in persons 
with SCI has long been considered to be caused by coinciding traumatic brain injury (TBI) 
(Sachdeva et al., 2018; Y. Li et al., 2020a). In 2013, the World Health Organization reported 
that worldwide up to 90% of SCI cases are due to physical trauma, often resulting in 
concomitant TBI. Nevertheless, they noted that the proportion of non-traumatic cases 
is growing (World Health Organization (WHO), 2013). This might have led to recent 
findings that also patients with non-traumatic SCI suffer from cognitive impairment 
(Sachdeva et al., 2018; Y. Li et al., 2020a). While TBI remains the most important cause of 
cognitive impairment in persons with SCI, recent studies suggest a spreading secondary 
neuroinflammatory reaction arising from the SCI lesion site may be a major contributor to 
cognition decline, also in non-traumatic cases (Wu et al., 2016; F. Li et al., 2020). Indeed, the 
review of Sun et al. (2016) reports that persons with SCI suffer from chronic peripheral and 
central inflammation (Sun et al., 2016). Of interest, chronic systemic inflammation is known 
to impair neurotrophic signaling, synaptic plasticity and neurogenesis (Bourgognon and 
Cavanagh, 2020). As chronic low grade inflammation is also considered a major player in 
the process of age-related cognitive decline (i.e. cognitive aging) in healthy adults (Lind 
et al., 2020; Vints et al., 2022a), it was argued that ongoing systemic inflammation may 
cause an acceleration of cognitive aging in persons with SCI. This is supported by studies 
showing that brain structure and function in persons with SCI differ from healthy age-
matched controls, but resembles that of much older subjects (Wrigley et al., 2009; Seif et 
al., 2018; Ziegler et al., 2018; Wylie et al., 2020).

In healthy adults, multiple studies have reported that exercise programs can 
improve cognitive function (Colcombe and Kramer, 2003). This beneficial effect may 
be caused by several anti-inflammatory and neurotrophic factors that seem to 
be released into the bloodstream during muscle contractions, also referred to as 
myokines. Myokines were suggested to potentiate neurotrophic signaling, synaptic 
plasticity, neurogenesis and cognitive function in an impressive array of research 
in healthy persons (Pedersen, 2019). Based on this evidence, we here propose a 
hypothetical model for muscle activity as a preventive or treatment strategy to boost 
myokine levels in the blood circulation, hereby possibly combatting SCI-associated 
accelerated cognitive aging (Figure 1).

In this systematic and topical review, our primary aim was to systematically search 
for evidence for the role of myokines as mediators of exercise-induced cognitive 
improvements in people with SCI. We searched the databases of Pubmed, Embase, Web 
of Science, and Cochrane. Our search yielded zero eligible studies (i.e. an empty systematic 
review), proving the lack of research on this topic. We subsequently decided to add a 
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topical review with the secondary aim to inform readers about the mechanisms behind 
accelerated cognitive aging in persons with SCI and the benefit that may result from 
physical exercise interventions. Finally, we argue that our in-depth work provides all 
evidence needed for readers to understand the potential of exercise-induced myokines 
as a non-pharmacological, low risk and low cost treatment against accelerated cognitive 
aging in people with SCI.

Figure 1. Hypothetical model for SCI-associated cognitive decline and muscle activity-induced 
cognitive improvement. Nerve damage in spinal cord injury leads to increased inflammation, which 
may result in a vicious circle that causes expanding nerve damage. Neuroinflammation impairs 
neurotrophic factor signaling, synaptic plasticity and neurogenesis, eventually resulting in structural 
and functional brain alterations and cognitive decline. Muscle activity counteracts this process via 
the release of myokines with anti-inflammatory and neurotrophic effects.

2. Empty systematic review

2.1 Methods
The methods of this systematic review were pre-registered with PROSPERO 
(CRD42022335873). Our research question was as follows: Does the exercise-induced 
release of myokines induce cognitive improvements in spinal cord injury subjects?

2.1.1 Eligibility criteria
We included human studies on acute (< 1 year postinjury) or chronic (> 1 year postinjury) 
spinal cord injury participants. Animal studies, or studies solely including patients with 
progressive neurological disorders such as multiple sclerosis, even if the neurological 
disorder may also possibly affect the spinal cord, were excluded. The study intervention 
needed to consist of a single bout (i.e. acute) or multiple bouts (i.e. chronic) of voluntary 
or electrically supported exercise. Included studies needed to be controlled, with a 
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control group undergoing rest, no exercise or another exercise intervention. Studies 
without pre-to-post exercise comparisons were excluded. The outcome of the included 
studies had to be a form of cognitive assessment or test score and the study needed to 
measure serum or plasma myokines levels.

2.1.2 Search details
We searched the databases of Pubmed, Embase, Web of Science and Cochrane. The last 
search was conducted on the 28th of May 2022. A full overview of the exact search terms 
we used is provided in Appendix 1. The search consisted of a merge of four key concepts, 
each combined using the AND-function, including exercise AND spinal cord injury AND 
myokines AND cognition. A filter was used to rule out animal studies where possible (i.e. 
in the Pubmed, Embase and Web of Science databases). A selection of myokines with 
probable effects on cognitive function were considered as search terms, based on current 
knowledge as suggested by previous literature (Pedersen et al., 2007; Woodbury and Ikezu, 
2014; Sa-nguanmoo et al., 2016; Adhikary et al., 2019; Lin et al., 2019; Vints et al., 2022b). 
They included brain-derived neurotrophic factor (BDNF), insulin-like growth factor-1 (IGF-
1), cytokines, adiponectin, cathepsin-B, irisin, apelin, fibroblast growth factor-21 (FGF-21), 
fibroblast growth factor-2 (FGF-2) and myostatin.

2.1.3 Study selection
Two of the authors reviewed the literature. One author (WV) screened the literature and 
the other author (CvL) checked the decisions. The second author was not blinded to the 
first author’s decisions. In case of disagreement, a third author (OL) was requested to 
make the decision. The articles were first gathered in Endnote, where duplicates were 
removed. Next, title and abstract of all the remaining articles were transferred to Excel 
(presented in Appendix 2). Here, articles were marked included or excluded and the 
reason for in- or exclusion was recorded.

2.1.4 Data extraction
We planned to extract study design, participant characteristics (number, age, sex, time 
since spinal cord injury, American Spinal Injury Association (ASIA) Impairment Scale (AIS) 
grade), intervention characteristics (type of exercise, intensity, duration, frequency, type 
of control condition, exertion of musculature below or above level of injury, completely 
voluntary exertion or supported by e.g. electrical stimulation, etc.), and the main outcome 
findings. The main outcomes of interest were a pre-to-post exercise change in response 
time, throughput or accuracy on cognitive tests and/or a pre-to-post exercise change in 
serum or plasma myokine levels.
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2.1.5 Quality assessment
The planned quality assessment as pre-registered with PROSPERO (CRD42022335873) was 
not performed as no studies were found eligible for inclusion.

2.2 Results
Our search resulted in 387 records. After removal of duplicates, 334 records remained 
to be screened. Based on title and abstract none of the articles remained eligible for 
full-text assessment (Figure 2). Reasons for exclusion were duplicate records (n=53), 
study population including animals or humans without spinal cord injury, n=233), 
study intervention not involving exercise (n=56), study outcome not including cognitive 
function (n=10) and the study design not involving pre-to-post exercise comparisons, also 
excluding review papers (n=35). As none of the articles were eligible for inclusion in our 
systematic review no quality assessment was performed.

 

Records identified from*:
Databases (n = 387)

-Pubmed (n = 61)
-Embase (n = 238)
-Cochrane (n = 36)
-Web of Science (n = 52)

Other sources (n = 0)

Records removed before 
screening:

Duplicate records removed  
(n = 53) by Endnote 
reference manager

Records screened
(n = 334)

Records excluded
(n = 334)

Reports sought for retrieval
(n = 0)

Identification of studies via databases and registers

Figure 2. PRISMA 2020 flow diagram for new systematic reviews which includes searches of 
databases and registers
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Table 1 Exercise-induced changes in myokine levels or cognition in people with SCI

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Exercise-myokine studies in SCI

Alajam et al. 2020 
(Alajam et al., 2020)

SCI (n = 11) , T1-L2, AIS A-D, m/f = 8/3, 
mean age 38.1, >1y post-injury mean 8.7y

Chronic, walking on 
treadmill with body-weight 
support and assistive gait 
training device, 8 weeks

No control HbA1c, HDL, LDL, CRP, IL-6 
before and after the training 
period, at 24h, 2d, 3d, and 4d

↘ HbA1c, LDL, IL-6; ↗ HDL; ↔ CRP

An et al. 2020 
(An et al., 2020)

SCI (n = 6) and amputation (n = 2) and 
polio (n = 1), total n = 9, m/f = 9/0, mean 

34.5y old

Acute, wheelchair 
basketball competition and 

interval training

No rest group, 
controlled for 
supplement or 

placebo

IL-6, TNF-α, CK before and 
immediately after exercise

↘ IL-6 after exercise in the leucine-
enriched essential amino acid-treated 

group compared to placebo

da Silva Alves 
et al. 2021 
(Alves et al., 2021)

Physically active, SCI with complete 
paraplegia, wheelchair-bound below T8 (n 
= 9) and healthy (n = 8), m/f = 17/0, mean 
age 29.0 for SCI and 27.0 for healthy, > 1y 

post injury

Three treadmill exercise 
sessions (persons with SCI 
in wheelchair, able-bodied 

running) at ventilatory 
threshold 1, followed by (in 
random order) 15% below 
and 15% above VT1, for a 

mean of 30min

No rest group, 
controlled for SCI 

versus healthy

IL-1ra, IL-1β, IL-2, IL-4, IL-6, IL-10, 
TNF-α before, immediately 
after and 30min after each 

exercise session

SCI vs healthy: ↗IL-2 and ↘IL-4 and 
IL-10 in SCI compared to healthy at 

before, immediately after and 30min 
after exercise, ↘ IL-1ra in SCI compared 
to healthy immediately after exercise 

in all three conditions; In healthy: ↗IL-
6 immediately after exercise at VT1 

compared to before exercise
In SCI: ↔ IL-6

Donia et al., 2019 
(Donia et al., 2019)

SCI (n = ?) and multiple sclerosis (n = ?), 
n = 13, m/f = 3/10, mean age 57, > 1y post-

injury or diagnosis

Acute, recumbent hybrid 
arm-leg ergometer 

machine, 60% VO2peak, 
30 min

No control IL-6, TNF-α, IFN-γ, IL-1RA, 
TRP, KYN, KYN/TRP, before, 

immediately after and 1 hour 
post-exercise

↘ TNF-α 1h post-exercise compared with 
pre and immediately post exercise, ↔ 
IL-6, IFN-γ, IL-1RA, TRP, KYN, KYN/TRP

Goldhardt et al. 2019 
(Goldhardt et al., 2019)

SCI C4-L4 (n = 3 tetraplegia) AIS A or B, n = 
10, m/f = 5/5, mean age 40.6, > 6 months 

(mean 3.5y) after injury

Acute, treadmill at 4.5km/h 
with body weight support, 
60min, 1 week later, 60min 
gait training with a floor 
walker, at own pace but 

encouraged to go as fast as 
possible

No control BDNF, histone acetylation 
status, oxidative stress 

markers, before and 
immediately after exercise

↔ BDNF and histone acetylation in 
all conditions, ↗ plasma advanced 
oxidation protein products (AOPPs), 

nitrite and thiobarbituric acid-reactive 
substances after treadmill training, and 
AOPP, nitrite concentrations, glutathione 
and catalase activity after floor walker 

training

Han et al., 2016 
(Han et al., 2016)

SCI C4-L2 AIS A-D, n = 11 and able-bodied 
controls n = 11, m/f = 11/0, mean age 39.9, 

mean 14 years post-injury

Acute, arm ergometry 
cardiopulmonary exercise 
test with 10 W/min ramp 

protocol, 60-70 revolutions/
min, until exhaustion

No rest group, 
controlled with 

able-bodied 
individuals

myostatin, IGF-1, and 
follistatin, pre vs post-exercise

↔ myostatin, IGF-1, follistatin post-
exercise for SCI subjects; significant 

difference with control subjects for IGF-1 
who showed significant ↗ in IGF-1

SCI C4-L2 AIS A-D, n = 5, m/f = 5/0, mean 
age 39.6, mean 14 years post-injury

Chronic, arm ergometry 
exercise, around anaerobic 
threshold, 30 min/d, 3x/we, 

12 weeks

No control myostatin, IGF-1, and 
follistatin, pre vs post-exercise

↗ myostatin, ↔ IGF-1, follistatin post-
exercise
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Table 1 Exercise-induced changes in myokine levels or cognition in people with SCI

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Exercise-myokine studies in SCI

Alajam et al. 2020 
(Alajam et al., 2020)

SCI (n = 11) , T1-L2, AIS A-D, m/f = 8/3, 
mean age 38.1, >1y post-injury mean 8.7y

Chronic, walking on 
treadmill with body-weight 
support and assistive gait 
training device, 8 weeks

No control HbA1c, HDL, LDL, CRP, IL-6 
before and after the training 
period, at 24h, 2d, 3d, and 4d

↘ HbA1c, LDL, IL-6; ↗ HDL; ↔ CRP

An et al. 2020 
(An et al., 2020)

SCI (n = 6) and amputation (n = 2) and 
polio (n = 1), total n = 9, m/f = 9/0, mean 

34.5y old

Acute, wheelchair 
basketball competition and 

interval training

No rest group, 
controlled for 
supplement or 

placebo

IL-6, TNF-α, CK before and 
immediately after exercise

↘ IL-6 after exercise in the leucine-
enriched essential amino acid-treated 

group compared to placebo

da Silva Alves 
et al. 2021 
(Alves et al., 2021)

Physically active, SCI with complete 
paraplegia, wheelchair-bound below T8 (n 
= 9) and healthy (n = 8), m/f = 17/0, mean 
age 29.0 for SCI and 27.0 for healthy, > 1y 

post injury

Three treadmill exercise 
sessions (persons with SCI 
in wheelchair, able-bodied 

running) at ventilatory 
threshold 1, followed by (in 
random order) 15% below 
and 15% above VT1, for a 

mean of 30min

No rest group, 
controlled for SCI 

versus healthy

IL-1ra, IL-1β, IL-2, IL-4, IL-6, IL-10, 
TNF-α before, immediately 
after and 30min after each 

exercise session

SCI vs healthy: ↗IL-2 and ↘IL-4 and 
IL-10 in SCI compared to healthy at 

before, immediately after and 30min 
after exercise, ↘ IL-1ra in SCI compared 
to healthy immediately after exercise 

in all three conditions; In healthy: ↗IL-
6 immediately after exercise at VT1 

compared to before exercise
In SCI: ↔ IL-6

Donia et al., 2019 
(Donia et al., 2019)

SCI (n = ?) and multiple sclerosis (n = ?), 
n = 13, m/f = 3/10, mean age 57, > 1y post-

injury or diagnosis

Acute, recumbent hybrid 
arm-leg ergometer 

machine, 60% VO2peak, 
30 min

No control IL-6, TNF-α, IFN-γ, IL-1RA, 
TRP, KYN, KYN/TRP, before, 

immediately after and 1 hour 
post-exercise

↘ TNF-α 1h post-exercise compared with 
pre and immediately post exercise, ↔ 
IL-6, IFN-γ, IL-1RA, TRP, KYN, KYN/TRP

Goldhardt et al. 2019 
(Goldhardt et al., 2019)

SCI C4-L4 (n = 3 tetraplegia) AIS A or B, n = 
10, m/f = 5/5, mean age 40.6, > 6 months 

(mean 3.5y) after injury

Acute, treadmill at 4.5km/h 
with body weight support, 
60min, 1 week later, 60min 
gait training with a floor 
walker, at own pace but 

encouraged to go as fast as 
possible

No control BDNF, histone acetylation 
status, oxidative stress 

markers, before and 
immediately after exercise

↔ BDNF and histone acetylation in 
all conditions, ↗ plasma advanced 
oxidation protein products (AOPPs), 

nitrite and thiobarbituric acid-reactive 
substances after treadmill training, and 
AOPP, nitrite concentrations, glutathione 
and catalase activity after floor walker 

training

Han et al., 2016 
(Han et al., 2016)

SCI C4-L2 AIS A-D, n = 11 and able-bodied 
controls n = 11, m/f = 11/0, mean age 39.9, 

mean 14 years post-injury

Acute, arm ergometry 
cardiopulmonary exercise 
test with 10 W/min ramp 

protocol, 60-70 revolutions/
min, until exhaustion

No rest group, 
controlled with 

able-bodied 
individuals

myostatin, IGF-1, and 
follistatin, pre vs post-exercise

↔ myostatin, IGF-1, follistatin post-
exercise for SCI subjects; significant 

difference with control subjects for IGF-1 
who showed significant ↗ in IGF-1

SCI C4-L2 AIS A-D, n = 5, m/f = 5/0, mean 
age 39.6, mean 14 years post-injury

Chronic, arm ergometry 
exercise, around anaerobic 
threshold, 30 min/d, 3x/we, 

12 weeks

No control myostatin, IGF-1, and 
follistatin, pre vs post-exercise

↗ myostatin, ↔ IGF-1, follistatin post-
exercise
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Table 1 Continued

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Kouda et al. 2012 
(Kouda et al., 2012)

Complete SCI C6-C7 AIS A, n = 8 and able-
bodied controls n = 8, m/f = 8/0, mean 

age 37.1 for SCI and 32.4 for healthy, 70-76 
months after injury

Acute, arm crank ergometer, 
at 60% VO2 max, 20min

No rest group, 
controlled with 

able-bodied 
individuals

IL-6, adrenaline, prostaglandin 
E2, and cortisol immediately, 

1h and 2h after exercise

SCI vs healthy: baseline ↗ IL-6, ↘ 
adrenaline and PGE2 in SCI; SCI: ↔ IL-6, 

adrenaline, cortisol, ↗ PGE2 immediately, 
1h and 2h after exercise; healthy: ↗ IL-6 

at 1h, ↗ adrenaline immediately, ↔ 
PGE2 and cortisol

Leech et al., 2017 
(Leech and 
Hornby, 2017)

Incomplete SCI above T10, n = 11, m/f = 
9/2, mean age 41, > 6m post-injury (mean 

103m)

Acute, graded-intensity 
treadmill walking exercise, 

with measurements 
reported as at 33% of peak 

speed, at 66% of peak 
speed and at 100% of peak 

speed, duration ranged 
from 8-32min

No control BDNF, IGF-1 and blood lactate 
levels from 3 blood samples 

immediately before exercise, 1 
during last 30s of each speed 

increment, 1 at 15min and 
30min post-exercise

Highest % ↗ in BDNF during high-
intensity (100% of peak speed), positively 
correlated with blood lactate levels, ↔ 

IGF-1

Nishimura et al. 2022 
(Nishimura 
et al., 2022)

Wheelchair athletes with SCI (n = 17), AIS 
A, m/f = 17/0, mean age 35 for cervical 
lesions and mean age 56 for the other 

patients, > 1y after injury mean 161 
months for cervical lesions and 381 for 

the other patients

Acute, wheelchair half-
marathon race

No control BDNF, adrenaline, 
noradrenaline, cortisol before, 
immediately after and 1h after 

exercise

↗ BDNF immediately after exercise, in 
patients with thoracic or lumbar lesion 

level also ↗ (nor)adrenaline and cortisol 
immediately and 1h after exercise

Ogawa et al. 2014 
(Ogawa et al., 2014)

Wheelchair athletes with SCI (n = 14), 6 
cervical lesions and 8 thoracic or lumbar, 

AIS A, m/f = 14/0, mean age 35.8 for 
cervical lesions and 42.7 for the other 
patients, >1y post-injury mean 162.3 

months for cervical lesions and 307.8 for 
the other patients

Acute, wheelchair marathon 
race

No control IL-6, TNF-α, adrenaline before, 
immediately after and 2h after

↗ IL-6 immediately after, in patients with 
thoracic and lumbar lesion level, also ↗ 
adrenaline immediately after exercise, 
↘ TNF-α in patients with cervical lesion 

level 2h after exercise

Paulson et al. 2013 
(Paulson et al., 2013)

Wheelchair athletes with SCI (n = 8 C6-C7, 
n = 10 T6-L1) and non-SCI controls (n = 8), 
AIS A, m/f = 26/0, mean age SCI 30, non-
SCI 27, paraplegia mean 14y post-injury, 
tetraplegia mean 11 years post-injury

Acute, graded-intensity 
treadmill exercise in a 

wheelchair till exhaustion, 
around 5 min warm-up 

and 8 min graded-intensity 
exercise testing

No rest group, 
comparisons 

between paraplegia, 
tetraplegia and 

non-SCI

IL-6, IL-10, IL-1ra, TNF-α, 
adrenaline, cortisol pre-, 

immediately post-, and 30min 
post-exercise

IL-6 ↗ post-, and 30min post-exercise in 
paraplegia and non-SCI; adrenaline ↗ 

immediately post-exercise in paraplegia 
and non-SCI; cortisol ↗ immediately 
post-, and 30min post-exercise in all 

groups; ↔ IL-10, IL-1ra, TNF-α

Paulson et al. 2014 
(Paulson et al., 2015)

Motor complete SCI (n = 5), T5-6, after 
completion of a 3month supervised FES-
evoked training of 2-3d/week, m/f = 4/1, 
mean age 44, > 1y post-injury mean 8y

Acute, handcycling with 
and without functional 
electrical stimulation-

evoked lower-limb cycling 
in random order with 7-14d 
in between sessions, 30min

No rest group, 
comparisons 

between exercise 
with or without 

functional electrical 
stimulation

IL-6, IL-10, IL-1ra, adrenaline, 
cortisol pre-, immediately 

post-, 1h post- and 2h post-
exercise

↗ IL-6 1h after without and 1h and 2h 
after exercise in exercise with functional 

electrical stimulation, adrenaline and 
cortisol in both conditions immediately 

after exercise; ↔ IL-10, IL-1ra
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Table 1 Continued

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Kouda et al. 2012 
(Kouda et al., 2012)

Complete SCI C6-C7 AIS A, n = 8 and able-
bodied controls n = 8, m/f = 8/0, mean 

age 37.1 for SCI and 32.4 for healthy, 70-76 
months after injury

Acute, arm crank ergometer, 
at 60% VO2 max, 20min

No rest group, 
controlled with 

able-bodied 
individuals

IL-6, adrenaline, prostaglandin 
E2, and cortisol immediately, 

1h and 2h after exercise

SCI vs healthy: baseline ↗ IL-6, ↘ 
adrenaline and PGE2 in SCI; SCI: ↔ IL-6, 

adrenaline, cortisol, ↗ PGE2 immediately, 
1h and 2h after exercise; healthy: ↗ IL-6 

at 1h, ↗ adrenaline immediately, ↔ 
PGE2 and cortisol

Leech et al., 2017 
(Leech and 
Hornby, 2017)

Incomplete SCI above T10, n = 11, m/f = 
9/2, mean age 41, > 6m post-injury (mean 

103m)

Acute, graded-intensity 
treadmill walking exercise, 

with measurements 
reported as at 33% of peak 

speed, at 66% of peak 
speed and at 100% of peak 

speed, duration ranged 
from 8-32min

No control BDNF, IGF-1 and blood lactate 
levels from 3 blood samples 

immediately before exercise, 1 
during last 30s of each speed 

increment, 1 at 15min and 
30min post-exercise

Highest % ↗ in BDNF during high-
intensity (100% of peak speed), positively 
correlated with blood lactate levels, ↔ 

IGF-1

Nishimura et al. 2022 
(Nishimura 
et al., 2022)

Wheelchair athletes with SCI (n = 17), AIS 
A, m/f = 17/0, mean age 35 for cervical 
lesions and mean age 56 for the other 

patients, > 1y after injury mean 161 
months for cervical lesions and 381 for 

the other patients

Acute, wheelchair half-
marathon race

No control BDNF, adrenaline, 
noradrenaline, cortisol before, 
immediately after and 1h after 

exercise

↗ BDNF immediately after exercise, in 
patients with thoracic or lumbar lesion 

level also ↗ (nor)adrenaline and cortisol 
immediately and 1h after exercise

Ogawa et al. 2014 
(Ogawa et al., 2014)

Wheelchair athletes with SCI (n = 14), 6 
cervical lesions and 8 thoracic or lumbar, 

AIS A, m/f = 14/0, mean age 35.8 for 
cervical lesions and 42.7 for the other 
patients, >1y post-injury mean 162.3 

months for cervical lesions and 307.8 for 
the other patients

Acute, wheelchair marathon 
race

No control IL-6, TNF-α, adrenaline before, 
immediately after and 2h after

↗ IL-6 immediately after, in patients with 
thoracic and lumbar lesion level, also ↗ 
adrenaline immediately after exercise, 
↘ TNF-α in patients with cervical lesion 

level 2h after exercise

Paulson et al. 2013 
(Paulson et al., 2013)

Wheelchair athletes with SCI (n = 8 C6-C7, 
n = 10 T6-L1) and non-SCI controls (n = 8), 
AIS A, m/f = 26/0, mean age SCI 30, non-
SCI 27, paraplegia mean 14y post-injury, 
tetraplegia mean 11 years post-injury

Acute, graded-intensity 
treadmill exercise in a 

wheelchair till exhaustion, 
around 5 min warm-up 

and 8 min graded-intensity 
exercise testing

No rest group, 
comparisons 

between paraplegia, 
tetraplegia and 

non-SCI

IL-6, IL-10, IL-1ra, TNF-α, 
adrenaline, cortisol pre-, 

immediately post-, and 30min 
post-exercise

IL-6 ↗ post-, and 30min post-exercise in 
paraplegia and non-SCI; adrenaline ↗ 

immediately post-exercise in paraplegia 
and non-SCI; cortisol ↗ immediately 
post-, and 30min post-exercise in all 

groups; ↔ IL-10, IL-1ra, TNF-α

Paulson et al. 2014 
(Paulson et al., 2015)

Motor complete SCI (n = 5), T5-6, after 
completion of a 3month supervised FES-
evoked training of 2-3d/week, m/f = 4/1, 
mean age 44, > 1y post-injury mean 8y

Acute, handcycling with 
and without functional 
electrical stimulation-

evoked lower-limb cycling 
in random order with 7-14d 
in between sessions, 30min

No rest group, 
comparisons 

between exercise 
with or without 

functional electrical 
stimulation

IL-6, IL-10, IL-1ra, adrenaline, 
cortisol pre-, immediately 

post-, 1h post- and 2h post-
exercise

↗ IL-6 1h after without and 1h and 2h 
after exercise in exercise with functional 

electrical stimulation, adrenaline and 
cortisol in both conditions immediately 

after exercise; ↔ IL-10, IL-1ra
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Table 1 Continued

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Rojas Vega et al., 2008 
(Rojas Vega et al., 
2008)

Marathon athletes with SCI T4-T12 AIS A 
and B, n = 11, m/f = 11/0, mean age 41, 

chronic stage

Acute, handbiking, 
moderate intensity for 

10min (54%max heart rate) 
followed by high intensity 
(89% max heart rate) for 

42km

No control BDNF, IGF-1, prolactin, cortisol 
Immediately following 

moderate intensity warm-up 
and immediately following 

marathon

Moderate intensity: ↗ BDNF, ↗ IGF-1, ↔ 
prolactin and cortisol High intensity for 

marathon distance: ↘ BDNF, ↗ IGF-1, 
prolactin and cortisol

Rosety-Rodrigues 
et al. 2014 (Rosety-
Rodriguez et al., 2014)

Complete SCI (n = 17), below T6, 9 exercise 
and 8 control, m/f = 17/0, mean age 

exercise group 29.6 control group 30.2, 
4-5y post-injury

Chronic, arm-crank 
exercise, 3d/week, 10-15min 

warm-up 20-30min arm 
crank increasing 2min30s 

every 3 weeks, 50-65% 
HRR increasing 5% every 3 
weeks 5-10min cool-dow, 

12 weeks

Rest group leptin, adiponectin, 
plasminogen activator 

inhibitor-1, TNF-α, IL-6 before 
and after training

↘ leptin, TNF-α, IL-6 after the training 
program

Sasaki et al. 2014 
(Sasaki et al., 2014)

Wheelchair athletes with SCI (n = 28), 
T7-L2, m/f = 28/0, mean age full marathon 

40.9 half marathon 46.6

Acute, wheelchair marathon 
race (n = 16) or half 

marathon race (n = 12)

No control IL-6, TNF-α, CRP before, 
immediately after, and 2h after 

exercise

↗ IL-6 immediately after in both groups 
and significantly higher in the full 
marathon group, ↔ TNF-α, CRP

Umemoto et al. 2011 
(Umemoto et al., 2011)

SCI T6-T10 (n = 6) and healthy (n = 7), m/f 
= 13/0, mean age SCI 30.7, healthy 29.4

Acute, arm crank ergometer, 
at 60% VO2 max, 120min

Rest vs exercise 
1 week apart in 
random order, 
also controlled 

with able-bodied 
individuals

IL-6, TNF-α, CRP, adrenaline, 
noradrenaline, cortisol pre-, 

during exercise at 60min, 
immediately post- and 2h 

post-exercise

↗ IL-6 in SCI and healthy participants 
during, immediately post- and 2h post-
exercise compared to pre-exercise and 

↗ IL-6 in healthy at 2h post-exercise 
compared with rest, ↗ (nor)adrenaline 
during and immediately post-exercise 
compared with pre-exercise and with 
rest, ↔ CK, LDH, TNF-α, CRP, cortisol

Zeller et al. 2015 
(Zeller et al., 2015)

Wheelchair rugby athletes with SCI (n = 
11), lesion level C5-7, AIS A-B, m/f = 11/0, 
mean age 31.7, active in wheelchair rugby 

for mean of 5.7y

Acute, warm-up consisting 
of continuous pushing 

10min, submaximal sprints 
and agility drills, followed 

by the main training 
lasting 45min consisting 
of ball handling, passing 
drills, scrimmage activity 

and tactical practice, 
continuous pushing as 

cool-down, total duration 
90min

No control BDNF before exercise and 
before cool-down

↔ BDNF
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Table 1 Continued

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Rojas Vega et al., 2008 
(Rojas Vega et al., 
2008)

Marathon athletes with SCI T4-T12 AIS A 
and B, n = 11, m/f = 11/0, mean age 41, 

chronic stage

Acute, handbiking, 
moderate intensity for 

10min (54%max heart rate) 
followed by high intensity 
(89% max heart rate) for 

42km

No control BDNF, IGF-1, prolactin, cortisol 
Immediately following 

moderate intensity warm-up 
and immediately following 

marathon

Moderate intensity: ↗ BDNF, ↗ IGF-1, ↔ 
prolactin and cortisol High intensity for 

marathon distance: ↘ BDNF, ↗ IGF-1, 
prolactin and cortisol

Rosety-Rodrigues 
et al. 2014 (Rosety-
Rodriguez et al., 2014)

Complete SCI (n = 17), below T6, 9 exercise 
and 8 control, m/f = 17/0, mean age 

exercise group 29.6 control group 30.2, 
4-5y post-injury

Chronic, arm-crank 
exercise, 3d/week, 10-15min 

warm-up 20-30min arm 
crank increasing 2min30s 

every 3 weeks, 50-65% 
HRR increasing 5% every 3 
weeks 5-10min cool-dow, 

12 weeks

Rest group leptin, adiponectin, 
plasminogen activator 

inhibitor-1, TNF-α, IL-6 before 
and after training

↘ leptin, TNF-α, IL-6 after the training 
program

Sasaki et al. 2014 
(Sasaki et al., 2014)

Wheelchair athletes with SCI (n = 28), 
T7-L2, m/f = 28/0, mean age full marathon 

40.9 half marathon 46.6

Acute, wheelchair marathon 
race (n = 16) or half 

marathon race (n = 12)

No control IL-6, TNF-α, CRP before, 
immediately after, and 2h after 

exercise

↗ IL-6 immediately after in both groups 
and significantly higher in the full 
marathon group, ↔ TNF-α, CRP

Umemoto et al. 2011 
(Umemoto et al., 2011)

SCI T6-T10 (n = 6) and healthy (n = 7), m/f 
= 13/0, mean age SCI 30.7, healthy 29.4

Acute, arm crank ergometer, 
at 60% VO2 max, 120min

Rest vs exercise 
1 week apart in 
random order, 
also controlled 

with able-bodied 
individuals

IL-6, TNF-α, CRP, adrenaline, 
noradrenaline, cortisol pre-, 

during exercise at 60min, 
immediately post- and 2h 

post-exercise

↗ IL-6 in SCI and healthy participants 
during, immediately post- and 2h post-
exercise compared to pre-exercise and 

↗ IL-6 in healthy at 2h post-exercise 
compared with rest, ↗ (nor)adrenaline 
during and immediately post-exercise 
compared with pre-exercise and with 
rest, ↔ CK, LDH, TNF-α, CRP, cortisol

Zeller et al. 2015 
(Zeller et al., 2015)

Wheelchair rugby athletes with SCI (n = 
11), lesion level C5-7, AIS A-B, m/f = 11/0, 
mean age 31.7, active in wheelchair rugby 

for mean of 5.7y

Acute, warm-up consisting 
of continuous pushing 

10min, submaximal sprints 
and agility drills, followed 

by the main training 
lasting 45min consisting 
of ball handling, passing 
drills, scrimmage activity 

and tactical practice, 
continuous pushing as 

cool-down, total duration 
90min

No control BDNF before exercise and 
before cool-down

↔ BDNF
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Table 1 Continued

Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Exercise-cognition studies in SCI

Ozturk et al. 2021 
(Ozturk et al., 2021)

SCI n = 24, (≥ T4 n = 16, m/f = 15/1, mean 
age 28.2, AIS A-D with 3 patients motor 

incomplete, mean time since injury 
18.6months < T4 n = 8, m/f = 8/0, mean 
age 30.3, AIS A or B, mean time since 

injury 26.5 months) and healthy n = 16, 
m/f = 10/6, mean age 28.8y

The persons with SCI 
underwent chronic, 
functional electrical 

stimulation-assisted full-
body rowing exercise, 30-

45min increments for 2-3d/
week, for 6 months

Results for lesion 
level ≥T4 and <T4 

are compared

Working memory using the 
n-back task before and after 
3 and 6 months of exercise; 

healthy underwent only 
before measurements

Both persons with ≥T4 and <T4 SCI 
improved in reaction time after the 

exercise intervention

Significant increases are marked with ↗, significant decreases with ↘, no significant change with ↔.
Abbreviations: AIS, ASIA impairment scale; BDNF, brain-derived neurotrophic factor; C, cervical 
level; CG, control group; CK, creatine kinase; CRP, C-reactive protein; EG, exercise group; f, female; 
GDNF, glial cell-derived neurotrophic factor; HbA1c, hemoglobin A1c; HDL, high density lipoprotein; 

HRR, heart rate reserve; IFN-γ, interferon gamma; IGF-1, insulin-like growth factor-1; IL-1RA, 
interleukin 1 receptor antagonist; IL, interleukin; KYN, kynurenine; L, lumbar level; LDL, low density 
lipoprotein; m, male; NGF, nerve growth factor, NT, neurotrophin; SCI, spinal cord injury; T, thoracic 
level; TNF-α, tumor necrosis factor alpha; TRP, tryptophan; VT1, first ventilatory threshold.

Subsequently, we identified articles that investigated part of our research question, 
more specifically studies reporting either (1) the exercise-induced release of myokines 
or (2) the exercise-induced effects on cognitive function in persons with SCI. We found 
18 articles in total, 17 investigated the exercise-myokine link in persons with SCI and one 
investigated the exercise-cognition link in persons with SCI. A description of these studies 
is presented in Table 1, and they are discussed in more detail in Appendix 3. In general, 
the heterogeneity in participant characteristics, exercise characteristics, timing of blood 
sample collection, and the low sample sizes, as well as the low quality of evidence of 
these studies makes it difficult to draw final conclusions.

2.3 Discussion
Our empty systematic review confirms that the exercise-induced effect on cognitive 
function mediated by myokines in people with SCI is an unexplored topic. We argue that 
the cause of this knowledge gap is twofold. First, we believe that cognitive dysfunctions 
in persons with SCI have long been underrecognized or attributed to concomitant TBI or 
mood disorders. Second, the link between gradual cognitive decline in persons with SCI 
and chronic inflammation has only recently been discovered (see section 3).
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Author Participants (completeness, level of 
injury, total number, number in EG, male/

female in EG, age, time since injury)

Exercise (type, intensity, 
duration, healthy/
paretic muscles)

CG Outcome measures Outcome

Exercise-cognition studies in SCI

Ozturk et al. 2021 
(Ozturk et al., 2021)

SCI n = 24, (≥ T4 n = 16, m/f = 15/1, mean 
age 28.2, AIS A-D with 3 patients motor 

incomplete, mean time since injury 
18.6months < T4 n = 8, m/f = 8/0, mean 
age 30.3, AIS A or B, mean time since 

injury 26.5 months) and healthy n = 16, 
m/f = 10/6, mean age 28.8y

The persons with SCI 
underwent chronic, 
functional electrical 

stimulation-assisted full-
body rowing exercise, 30-

45min increments for 2-3d/
week, for 6 months

Results for lesion 
level ≥T4 and <T4 

are compared

Working memory using the 
n-back task before and after 
3 and 6 months of exercise; 

healthy underwent only 
before measurements

Both persons with ≥T4 and <T4 SCI 
improved in reaction time after the 

exercise intervention

Significant increases are marked with ↗, significant decreases with ↘, no significant change with ↔.
Abbreviations: AIS, ASIA impairment scale; BDNF, brain-derived neurotrophic factor; C, cervical 
level; CG, control group; CK, creatine kinase; CRP, C-reactive protein; EG, exercise group; f, female; 
GDNF, glial cell-derived neurotrophic factor; HbA1c, hemoglobin A1c; HDL, high density lipoprotein; 

HRR, heart rate reserve; IFN-γ, interferon gamma; IGF-1, insulin-like growth factor-1; IL-1RA, 
interleukin 1 receptor antagonist; IL, interleukin; KYN, kynurenine; L, lumbar level; LDL, low density 
lipoprotein; m, male; NGF, nerve growth factor, NT, neurotrophin; SCI, spinal cord injury; T, thoracic 
level; TNF-α, tumor necrosis factor alpha; TRP, tryptophan; VT1, first ventilatory threshold.

Subsequently, we identified articles that investigated part of our research question, 
more specifically studies reporting either (1) the exercise-induced release of myokines 
or (2) the exercise-induced effects on cognitive function in persons with SCI. We found 
18 articles in total, 17 investigated the exercise-myokine link in persons with SCI and one 
investigated the exercise-cognition link in persons with SCI. A description of these studies 
is presented in Table 1, and they are discussed in more detail in Appendix 3. In general, 
the heterogeneity in participant characteristics, exercise characteristics, timing of blood 
sample collection, and the low sample sizes, as well as the low quality of evidence of 
these studies makes it difficult to draw final conclusions.

2.3 Discussion
Our empty systematic review confirms that the exercise-induced effect on cognitive 
function mediated by myokines in people with SCI is an unexplored topic. We argue that 
the cause of this knowledge gap is twofold. First, we believe that cognitive dysfunctions 
in persons with SCI have long been underrecognized or attributed to concomitant TBI or 
mood disorders. Second, the link between gradual cognitive decline in persons with SCI 
and chronic inflammation has only recently been discovered (see section 3).

3. Topical review

We seem to be the first to suggest that the anti-inflammatory effect of exercise, as 
well as the exercise-induced boost in neurotrophic factors can be used as a treatment 
strategy against SCI-associated cognitive aging. For this reason, we will provide an in 
depth discussion of the mechanisms underlying cognitive aging and the evidence for 
the beneficial effect of exercise on cognitive function, starting from basic principles 
known from healthy older adults and translating this evidence to people with SCI. Figure 
3 represents an overview of the neuroinflammation versus exercise induced mechanisms.

3.1 Age-related alterations in the brain with impact on cognition
Cognitive function encompasses several domains, including memory, executive function, 
attention, processing speed, language comprehension and decoding (Barch et al., 2013). 
With aging, cognitive function typically declines on certain domains, including episodic 
and prospective memory, executive function, selective and divided attention, working 
memory and processing speed. In contrast, other domains, such as implicit, semantic 
memory, and sustained attention remain relatively stable into older age (Barch et al., 
2013). Several studies have linked performance on different cognitive domains with 
brain volume, cortical thickness or white matter health (Salthouse, 2011). Although our 
brains shrink with age, and neurotransmitter function changes, cerebral networks have 
the potential to adapt in order to maintain cognitive function. For example, during 
demanding cognitive tasks, functional magnetic resonance imaging (fMRI) studies in 
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older adults have shown an increased activation of brain regions compared to younger 
individuals. This is thought to reflect compensatory neural recruitment, employed by 
the brain when cognitive resources are decreased, aiding to maintain a certain level of 
cognitive performance (Wylie et al., 2020). Furthermore, the brain can undergo structural 
reorganization, including neurogenesis, synaptogenesis and synaptic plasticity. This 
might also serve a compensatory function. Notably, these neuroplastic processes are 
essential in proper cognitive functioning and experience-dependent brain adaptation at 
any age. In this respect, the hippocampal region is most often examined (Jurkowski et 
al., 2020), but many other regions of the brain (Martin et al., 2000) and the spinal cord 
(Xin et al., 2006) may undergo neuroplastic changes. Neurotrophic factors, like brain-
derived neurotrophic factor (BDNF) and insulin-like growth factor-1 (IGF-1), may boost 
synaptic plasticity via long-term synaptic potentiation (LTP) (Ding et al., 2006; Vints et 
al., 2022b), and increase neurogenesis and neural survival. Therefore, the well-known 
increase of these neurotrophic factors by exercise is expected to have a critical role for 
promoting neuroplasticity in older adults (Jurkowski et al., 2020). Indeed, it is apparent 
that more neurons are produced in the neurogenic zones of the hippocampus in response 
to physical exercise, while less are produced in conditions of stress, or with aging. Of 
interest, recent studies have found adult neurogenic zones outside the hippocampal 
region, including the hypothalamus, striatum, substantia nigra, cortex and amygdala. 
Further studies need to investigate the functional role of neurogenesis in these brain 
regions (Jurkowski et al., 2020). The age-related decrease in neurogenesis might be one 
of the reasons for volumetric brain loss (Denoth-Lippuner and Jessberger, 2021). It was 
reported that brain volume loss accounts for 25% to 100% of the differences in cognitive 
function between young and older adults (Fjell and Walhovd, 2010).

3.2 The underrecognized problem of cognitive impairment after spinal cord injury
Cognitive impairment is an important secondary problem after SCI. About 60% of persons 
with SCI suffer from cognitive deficits (Murray et al., 2007; Huang et al., 2017). The relative 
risk of cognitive impairment in persons with SCI is about 13 times higher than in the 
general population (Craig et al., 2017). A recent review paper further discussed the 
characteristics of cognitive impairment in persons with SCI. In summary, they described 
that persons with SCI show declines across multiple domains of cognitive functions 
during acute rehabilitation, including processing speed, new learning and memory, 
attention, concentration and executive function (F. Li et al., 2020). It was reported that 
these cognitive deficits are progressive over time, being already present in the subacute 
stage, but worsening in the chronic stage (Molina et al., 2018). Indeed, a network meta-
analysis, including 12 studies investigating cognitive functions in persons with chronic 
SCI and only one study with persons with acute SCI, indicated that adults with (mostly 
chronic) SCI displayed impairments in attention and executive function when compared to 
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able-bodied individuals (Sandalic et al., 2022). Cohen et al. (2017) described that persons 
with chronic SCI scored especially poor on tasks dependent of processing speed and 
executive function (Cohen et al., 2017). In addition, it was found that the self-perceived 
cognitive ability of people with SCI was significantly lower in comparison with their pre-
injury state (Murray et al., 2007). About half of the patients included in this study had 
recent injuries (mean 7 (SD 7) weeks post injury) and about half were at least one year 
after injury (mean 70 ( SD 47) months post injury). It was demonstrated that there was no 
significant change in self-perceived cognitive ability between both groups (Murray et al., 
2007). This highlights the importance of examining and addressing cognitive changes in 
patients with SCI during acute care, rehabilitation and at follow-up.

Figure 3. Balance between the detrimental effects of expanding chronic neuroinflammation 
following spinal cord injury and the beneficial effects of muscle activity on the brain

Following spinal cord injury, pro-inflammatory factors are transported via humoral and axonal 
routes, causing neuroinflammation to spread to the brain. Muscle activity or exercise in contrast 
causes the release of anti-inflammatory and neurotrophic factors from muscle cells (i.e. myokines) 
with the potential to restore brain health.
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Notably, about 16-74% of persons with SCI also suffer from TBI which is also a major 
cause of post-injury cognitive dysfunction (Cohen et al., 2017). Consequently, TBI was 
long considered the reason for cognitive deficits in persons with SCI. Furthermore, it 
was reported that individuals with concomitant TBI and SCI responded less to cognitive 
rehabilitation than patients with TBI without associated SCI (Mollayeva et al., 2020). 
However, there is increasing evidence that patients with SCI without TBI also suffer from 
cognitive decline (Y. Li et al., 2020a). This is becoming more and more apparent, as the 
proportion of non-traumatic SCI cases is growing (World Health Organization (WHO), 
2013). The main reason for this change in epidemiology is thought to be the increase in 
the proportion of older adults in our population (Molinares et al., 2022). The etiology of 
these non-traumatic SCI cases is heterogeneous, including degenerative changes to the 
vertebral column, tumors, multiple sclerosis, vascular, transverse myelitis, spina bifida, 
syringomyelia, and infections (New et al., 2002; Müller-Jensen et al., 2021). Especially in 
this growing group of non-traumatic SCI cases, assessments of cognitive function changes 
should receive more attention, as cognitive deficits in this often older population are 
commonly (falsely) explained by premorbid comorbidities, and are usually less apparent 
in the acute stage compared to cases with concomitant TBI. Therefore, SCI-associated 
cognitive decline is often neglected in rehabilitation centers, even though it may have a 
negative impact on the rehabilitation outcome.

Not only in the clinical setting, but also in research, cognitive impairment in persons 
with SCI without TBI have been underrecognized. Only a limited amount of studies 
investigating SCI-associated cognitive impairment excluded or adjusted for TBI when 
reporting patient’s cognitive performances. Bombardier et al. (2016) were one of the first 
to suggest that other factors than TBI likely contribute to the cognitive impairment in 
persons with SCI. They found that the number of persons with SCI reporting cognitive 
deficits was 80% higher than the physician-rated presence of TBI (Bombardier et al., 
2016). Furthermore, two studies reported that persons with SCI have an increased risk 
of Alzheimer’s dementia (HR 1.92; 95% CI 1.16-3.15; n = 8508 with TBI excluded, during a 
3 year follow-up and HR 1.94; 95% CI 1.41-2.67; n = 1038 adjusted for TBI, during a 7 year 
follow-up) (Huang et al., 2017; Yeh et al., 2018). In addition, Mahmoudi et al. (2021) found 
that the risk of Alzheimer disease and related dementia was approximately twice (HR 
1.93; 95% CI 1.06-3.51) that of age-matched healthy controls in middle aged adults (45-65 
years old) and 1.8 times (HR 1.77; 95% CI 1.55-2.02) that of age-matched older adults (65+ 
years old) during a follow-up period of 4 years. This study included 6083 age-matched 
subjects, only 3.12% of cases had associated TBI, and no significant increase in the hazard 
ratio for dementia was found when persons with SCI with or without TBI were compared 
(Mahmoudi et al., 2021). Another study that included persons with chronic (> 10 months 
post injury) traumatic SCI without diagnosis of TBI (i.e. normal Glasgow Coma Scale, no 
loss of consciousness, no post-traumatic amnesia, and no traumatic findings on brain 
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CT-scan) showed worse cognitive function and higher levels of depression in persons with 
SCI compared to healthy controls. When controlled for emotional factors (i.e. depressive 
symptoms measured with the Patient Health Questionnaire-9 (PHQ-9) instrument and 
psychological distress measured with the Brief Symptom Inventory), persons with SCI 
scored lower on tests of executive function, long-term memory, short-term memory and 
attention (Heled et al., 2020). Moreover, one study included persons with chronic (> 1 year 
post injury) SCI without history of TBI or coinciding TBI, diabetes mellitus, hypertension, 
stroke, epilepsy, or neurodegenerative or psychiatric disorders. They showed significant 
impairments on several verbal cognitive tests for information processing speed, new 
learning and memory, and verbal fluency in these persons with SCI. These results were 
similar to those in older adults (50-60 years old), but significantly worse compared with 
age-matched controls (30-40 years old). No differences were found on tests of attention 
or working memory (Chiaravalloti et al., 2020).

Importantly, recent MRI studies have also discovered structural and functional brain 
changes after SCI. These alterations were not only reported in the sensorimotor cortex, 
but also in brain regions that may not play a direct role in sensorimotor control (Wrigley 
et al., 2009; Seif et al., 2018; Ziegler et al., 2018; Wylie et al., 2020). Gray and/or white matter 
decreases were found in the cerebellum (Seif et al., 2018; Ziegler et al., 2018), limbic system 
(Seif et al., 2018), and anterior cingulate cortex (Ziegler et al., 2018) of persons with SCI 
without TBI. Wrigley et al. (2009) reported alterations in the anterior cingulate cortex and 
medial prefrontal cortex, but they unfortunately did not exclude patients with TBI (Wrigley 
et al., 2009). Interestingly, in chronic cervical spinal cord injury patients (mean age 35 ± 9, 
mean 8.9 years post-injury) Wylie et al. (2020) showed an overactivation of frontal, parietal 
and hippocampal brain areas during a processing speed task (Wylie et al., 2020). Patients 
with a history of TBI, stroke, epilepsy or neurodegenerative disorders were excluded from 
this study. Wylie et al. (2020) suggested that overactivation of brain regions might be a 
mechanism to compensate for SCI-associated cognitive impairment. Overactivation was 
not reported in age-matched controls, although a similar pattern of brain overactivation 
was also observed in older adults (mean age 60 ± 3) (Wylie et al., 2020). Another study 
also found evidence for accelerated brain atrophy by showing progressive enlargement of 
ventricles and cerebrospinal fluid volume after SCI similar to that observed in cognitive 
aging (Seif et al., 2018).

3.3 Potential causes of cognitive impairment in people with SCI
Sachdeva et al. (2018) reviewed potential causative factors for SCI-associated cognitive 
deficits. Next to the evident association with concurrent TBI, they reported an association 
between cognitive deficits and depression in three out of six included studies, pain or 
fatigue in three out of four included studies, hypotension in three out of five studies, 
and sleep apnea in both of the included studies. Since only three studies excluded 
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individuals with TBI, the contribution of TBI could not be dismissed from these results. 
However, similar effects were shown in the studies that included or excluded individuals 
with TBI (Sachdeva et al., 2018). The potential causes of cognitive impairment following 
SCI are described in more detail below, see also Table 2: (1) TBI is an important cause 
of immediate post-SCI cognitive impairment. Reported incidences of TBI within persons 
with SCI range between 16-74% (Cohen et al., 2017). (2) The link between depression 
and cognitive deficits is well known in the general population, and is even sometimes 
referred to as pseudodementia (Perini et al., 2019). In people with SCI, psychological 
alterations, such as depression and anxiety, are very common and were also suggested 
as potential causes of cognitive dysfunctions (Distel et al., 2020). In the context of SCI, this 
association may go in both directions, as it was reported that persons with SCI with lower 
cognitive capacity were more likely to experience depression, anxiety, fatigue and pain 
at 6 months after discharge from inpatient rehabilitation (Craig et al., 2015; Craig et al., 
2017). (3) Chronic pain has been shown to cause functional and structural changes to the 
brain and is associated with impaired working memory and concentration in the general 
population (Mazza et al., 2018). Post-SCI pain was found to be a significant predictor of 
self-perceived cognitive functioning (Murray et al., 2007) and was associated with attention 
deficits measured with a traditional neuropsychological assessment (Carlozzi et al., 2021). 
Especially neuropathic pain is very common, being present in 40-50% of chronic SCI 
cases (Finnerup, 2013). (4) Autonomic dysreflexia, which may lead to wide fluctuations in 
blood pressure, was believed to be a potential cause of silent cerebral infarcts, that may 
over time cause cognitive deficits (Wecht and Bauman, 2013). In addition, hypotension 
was significantly associated with poor memory function and non-significantly with slow 
processing speed and with attention deficits in people with SCI (Jegede et al., 2010). A 
potential reason for the link between cognition and hypotension may be a lower and 
impaired regulation of cerebral blood flow, which was discovered in high thoracic and 
cervical SCI at rest compared to controls (Phillips et al., 2017; Sachdeva et al., 2019). This 
was also suggested in the study of Wecht et al.( 2018), who found that an inadequate 
systemic and cerebral hemodynamic response to the Symbol Digit Modalities Test (SDMT) 
contributed significantly to the test score. (5) They suggested an association between 
level of SCI and cognitive function, as they found that that persons with tetraplegia, who 
often suffer impaired hemodynamics, scored lower on the SDMT compared to controls, 
but reported no difference between persons with paraplegia and controls (Wecht et al., 
2018). Moreover, (6) Sleep apnea is known to be commonly associated with cognitive 
dysfunctions in the general population (Patil et al., 2007). It is very prevalent in people 
with SCI, especially in persons with tetraplegia (91% in complete and 56% in incomplete 
tetraplegia) (Berlowitz et al., 2012). Of interest, severe sleep apnea or nocturnal oxygen 
desaturations were associated with deficits in attention, information processing, working 
memory and cognitive flexibility in persons with SCI without TBI (Sajkov et al., 1998; 
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Schembri et al., 2017). Next to sleep apnea, respiratory failure with hypercapnia and 
hypoxemia are common in thoracic and cervical level injuries, due to reduced chest wall 
compliance, inefficient ventilation, reduced vital capacity, decreased peak cough flow 
and inspiratory pressure, and reduced forced expiratory volume (Brown et al., 2006). In 
pulmonary disorders, the severity of chronic respiratory failure is known to be associated 
with cognitive impairment, but in the SCI population the effect of respiratory function 
changes on cognition remains unknown (Areza-Fegyveres et al., 2010; Distel et al., 2020). 
(7) In addition to the potential causes of cognitive dysfunctions listed by Sachdeva et 
al. (2018), also substance abuse has been suggested to play a role in cognitive decline 
(Warren et al., 2008). Substance abuse is prevalent in the SCI population and may also 
be a contributor to the initial SCI (Tate et al., 2004). Furthermore, pharmacological agents 
may interfere with cognitive function, with polypharmacy being common in individuals 
with SCI (56% were prescribed 5 or more medications) and high-risks medications, such as 
benzodiazepines and other hypnotics, baclofen, opioids, antipsychotics, antidepressants, 
antiepileptics and anticholinergics are prescribed very often to patients with SCI (Kitzman 
et al., 2017; Distel et al., 2020). (8) A meta-analysis also pointed out that educational level 
was predictive of cognitive performance in people with SCI (Macciocchi et al., 2013). (9) 
Cardiovascular disease, often in the context of metabolic syndrome, obesity, dyslipidemia, 
hypertension or diabetes, is associated with brain atrophy, cerebral lesions and cognitive 
deficits in the general older population (Leritz et al., 2011). Nearly all cardiovascular 
risk factors tend to be more prevalent in people with SCI compared to able-bodied 
individuals. Notably, cardiovascular disease is now the primary cause of death in the SCI 
population, surpassing renal and pulmonary conditions that were the most important 
causes of mortality in the 20th century (Myers et al., 2007). The main reasons for the higher 
prevalence of cardiovascular diseases in people with SCI are autonomic dysfunction, 
associated with impaired hemodynamic regulation of blood pressure, heart rate variability 
and arrhythmias, as well as the high prevalence of sedentary behavior due to impaired 
motor function and the lack of accessibility or fewer opportunities to engage in physical 
activities (Myers et al., 2007; Soriano et al., 2022) (10) Intensive care admission can also 
be a reason for cognitive impairment. Irrespective of diagnosis, cognitive impairment is 
reported in 30-80% of patients after discharge from the intensive care. Possible players 
are anxiety, depression, post-traumatic stress disorder, hypotension, sedation, hypoxemia, 
prolonged mechanical ventilation, multiorgan failure, and systemic corticosteroids 
(Colbenson et al., 2019).

One final factor (11), recently suggested to contribute to SCI-associated cognitive 
decline and of high relevance for the next part of this paper, is chronic (neuro)inflammation 
(Sun et al., 2016; F. Li et al., 2020). In the acute phase following SCI, an inflammatory reaction 
is thought to arise from the injury site (see section 3.4) and spread throughout the body. 
Even though there is a difference in etiologic mechanism between traumatic and non-
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traumatic SCI, neuroinflammation at the injury site is found to be present in both cases 
(Molinares et al., 2022). For example, studies from Wu and colleagues have linked SCI-
associated neuroinflammation to neurodegeneration and cognitive decline in mice (Wu et 
al., 2016). Persistent neuroinflammation is reported to play a role in secondary neuronal 
loss and neurological deficits following TBI (Kumar et al., 2017). However, measuring 
neuroinflammation in humans requires special techniques like magnetic resonance 
spectroscopy (Vints et al., 2022a), which is still only sporadically used due to the specific 
expertise it requires. Therefore, most studies measure peripheral inflammation, which was 
found to be a good surrogate for neuroinflammation as inflammatory markers readily cross 
the blood-brain barrier (Barrientos et al., 2015). Peripheral inflammation in the context of 
SCI has been linked to many secondary problems following SCI such as depression, chronic 
pain, autonomic dysreflexia, respiratory failure and cardiovascular disease (Sun et al., 
2016). Chronic peripheral inflammation is also frequently described to be linked to sleep 
apnea (Unnikrishnan et al., 2015). In general, it remains unclear if chronic inflammation 
is the cause or a consequence of secondary problems following SCI. In any case, these 
relationships with chronic inflammation may suggest that neuroinflammation could be 
a mechanism linking many of the secondary problems in SCI to cognitive impairment, in 
addition to the mechanisms described in the previous paragraph. We should also note 
that individuals that have incurred their SCI at older age often present with premorbid 
comorbidities that may also be associated with chronic inflammation (Molinares et al., 
2022). Moreover, the suggested role of chronic inflammation as a cause of progressive 
(Molina et al., 2018) cognitive decline following SCI is highlighted by its resemblance 
with the process of progressive cognitive decline in normal aging (Chiaravalloti et al., 
2020). In the context of normal aging, chronic (neuro)inflammation is generally accepted 
as a mediator of cognitive decline (Sartori et al., 2012). The only difference between the 
general population and people with SCI is that chronic (neuro)inflammation may start 
at a younger age (at the time of injury). Chronic (neuro)inflammation is also consistently 
described in neurodegenerative diseases, with a higher risk of developing these diseases 
being reported for people with SCI (Huang et al., 2017; Yeh et al., 2018; Mahmoudi et al., 
2021). Indeed, multiple studies have reported associations between chronic peripheral 
inflammation and poor performance on cognitive tests or Alzheimer’s dementia (Sartori et 
al., 2012; Allison et al., 2017; F. Li et al., 2020). Considering that relatively young individuals 
with SCI show cognitive dysfunctions, brain atrophy and alterations in functional brain 
activation similar to healthy older adults (Seif et al., 2018; Chiaravalloti et al., 2020; Wylie 
et al., 2020), the common finding of chronic peripheral and neuroinflammation in both 
populations might be of interest for further exploration. This raises the hypothesis that 
chronic neuroinflammation might underlie an acceleration of cognitive aging after SCI, 
associated with progressive cognitive decline, as reported by Molina et al. (2018).
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Taken together, the available evidence derived from these studies suggests that 
other contributors than the neuronal deficits caused by TBI need to be considered as 
possible causes of cognitive dysfunction in SCI and that neuroinflammation may be an 
important mechanism of progressive cognitive decline in people with SCI. We would 
advise other researchers to rule out or at least document all these associated conditions 
and take into account the effect of comorbidities or the secondary consequences of SCI 
when reporting results on cognitive function in people with SCI.

Table 2 Potential causes or predictors of cognitive impairment for people with SCI

1.  Concomitant traumatic brain injury

2.  Psychological alterations

• Depression

• Anxiety

3.  Chronic pain

4.  Hemodynamic dysregulation

• Autonomic dysreflexia

• Hypotension

5.  Level of injury (tetraplegia vs paraplegia)

6.  Respiratory failure

• Sleep apnea

• Hypercapnia and hypoxemia

7.  Substance (ab)use

• Alcohol and drugs

• Polypharmacy and medication acting on the central nervous system

8.  Educational level

9.  Cardiovascular disease

• Metabolic syndrome

• Obesity

• Dyslipidemia

• Hypertension

• Diabetes

10. Intensive care admission

11.  Neuroinflammation
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3.4 Chronic neuroinflammation mediates cognitive decline following spinal cord injury
In the brain, the main cellular components of the innate immune system are microglia. 
Microglia have two main phenotypes, the neurotoxic proinflammatory M1 and anti-
inflammatory M2 phenotype, respectively secreting pro- or anti-inflammatory cytokines. 
The latter also secretes neurotrophic factors and contributes to wound healing and tissue 
remodeling (Wu et al., 2014). With normal aging, the number of microglia was found to 
increase in the frontal and temporal cortex (Terry et al., 1987). Moreover, microglia were 
reported to change to the M1 phenotype with aging. These changes were found to be 
associated with age-related cognitive decline (Cohen and Torres, 2019).

Neuroinflammation in SCI was found to be mediated in part by chemokines like 
cysteine-cysteine chemokine ligand 21 (CCL21) which is expressed at the injury site (Figure 
4). These chemokines attract and activate microglia (Chen et al., 2020). Multiple studies 
have reported that CCL21 can be transported by axons to cause distant activation of 
microglia (Y. Li et al., 2020a). Subsequently, microglia release pro-inflammatory cytokines 
that may damage surrounding neurons. In turn, these damaged neurons may also start 
to release CCL21. Eventually, this may cause an ascending chronic neuroinflammatory 
reaction (Wu et al., 2016). Another cause for the spread of neuroinflammation that is seen 
after SCI might be mediated by the microglia themselves. In the context of TBI, microglia 
were found to release microparticles that were suggested to play a role in expanding 
neuroinflammation (Kumar et al., 2017). Future studies should further investigate the 
mediators of the progressive neuroinflammation following SCI.

Pro-inflammatory cytokines and M1-type microglia were reported to suppress 
hippocampal neurogenesis (Sung et al., 2020). A recent review has summarized the 
multiple pathways mediated by inflammatory cytokines that might modulate cognition, 
synaptic plasticity and neurogenesis (Bourgognon and Cavanagh, 2020). Of interest, 
Bourgognon and Cavanagh (2020) reported that a chronic neuroinflammatory state may 
impair synaptic plasticity, synaptogenesis and neurogenesis by the disturbing effect of 
proinflammatory cytokines on neurotrophic growth factor signaling (Figure 1) (Cotman et 
al., 2007; Bourgognon and Cavanagh, 2020). Interestingly, Bourgognon and Cavanagh (2020) 
describe that the effect is dependent of the intensity and duration of the inflammatory 
activity. Most detrimental are states of long-term elevated pro-inflammatory cytokine 
levels such as seen following SCI, whereas short-term increases may have beneficial effect 
(Bourgognon and Cavanagh, 2020).
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Figure 4. Routes of expanding chronic neuroinflammation following spinal cord injury

Damaged neurons following spinal cord injury release microparticles and CCL21 who attract immune 
cells and activate microglia. These cells aggravate the inflammatory reaction. The reaction spreads 
to the brain via humoral and axonal routes, causing also inflammatory damage to brain neurons.



340

Chapter 9

So far, we have focused on the role of neuroinflammation in relation to cognition and 
brain plasticity. However, both in normal aging and after SCI, this chronic inflammatory state 
is reported throughout the whole body (Sartori et al., 2012; Sun et al., 2016). Of interest, 
systemic elevations of pro-inflammatory cytokines were found to upregulate indoleamine 2,3 
dioxygenase activity in the liver. This enzyme converts tryptophan into kynurenine. Tryptophan 
is also a precursor for serotonin. Therefore, the upregulation of kynurenine levels may go 
at the expense of sufficient serotonin levels. Some authors consider this may be one of the 
etiologic explanations for depression (Allison et al., 2017). In addition, kynurenine may cross 
the blood brain barrier. There, it was found to be detrimental for the LTP process (Vécsei et 
al., 2013; Vints et al., 2022b) and we have found an association between serum kynurenine 
levels and neurodegeneration and neuroinflammation (Vints et al., 2022a).

In the context of spinal cord injury, Wu and colleagues reported a chronic increase in 
the number of activated microglia in the cerebral cortex and hippocampus of mice. This 
was associated with local CCL21 elevations. Furthermore, they found that moderate and 
severely injured mice were cognitively impaired, and showed a reduction in hippocampal 
neurogenesis and increased neuronal endoplasmic reticulum dysfunction. The latter 
results in intracellular protein misfolding, which eventually leads to neuronal cell death 
(Wu et al., 2016). Allison et al. (2017) examined the effect of a 3-month intervention with 
an anti-inflammatory diet on pro-inflammatory cytokine and kynurenine levels in persons 
with SCI. They found a reduction in inflammation, but no change in memory and verbal 
learning function. They suggest the reduction in inflammation might not have been 
large enough to induce cognitive changes (Allison et al., 2017). Furthermore, a recent 
animal study showed that pharmacological inhibition of microglial activity reduces SCI-
associated neuroinflammation in mice. This resulted in improved cognition and motor 
function, and decreased depression-like animal behavior (Y. Li et al., 2020b).

3.5 Physical exercise inhibits inflammation and cognitive decline through the release of 
myokines
In contrast to dietary or pharmacological interventions, exercise has been proposed as 
a low-cost and low-risk intervention to inhibit peripheral and neural inflammation in 
people without SCI (Mee-inta et al., 2019). Furthermore, exercise exerts beneficial effects 
on brain structure, brain function and cognition (Mandolesi et al., 2018), while a sedentary 
life-style is a well-known risk factor for cognitive decline (Kirk-Sanchez and McGough, 
2013). In people with SCI, exercising has been reported to have neuroprotective and neuro-
regenerative effects (Sandrow-Feinberg and Houlé, 2015).

The mechanism underlying the beneficial effect of exercise on brain health and 
cognition is of increasing interest. However, we found only one study who assessed the 
effect of exercise on cognition in persons with SCI (Ozturk et al., 2021). Recent studies 
with able-bodied individuals have advocated that myokines probably mediate at least 
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part of the effect of exercise on brain health and cognition (Pedersen, 2019; Vints et al., 
2022b). The most extensively studied examples are BDNF and IGF-1. Both were consistently 
reported to improve cognition (Berg and Bang, 2004; Máderová et al., 2019) and induce 
synaptic plasticity, neurogenesis and neural survival (Ding et al., 2006; Jurkowski et al., 
2020). These neurotrophic factors can be released from muscle tissue, but are also 
released from the brain itself (Berg and Bang, 2004; Máderová et al., 2019; Pedersen, 
2019). Of interest, other myokines were suggested to stimulate the exercise-induced 
release of BDNF in the brain and possibly indirectly induce LTP (Vints et al., 2022b). For 
example, irisin (Wrann, 2016), cathepsin-B (Moon et al., 2016), apelin (Kwak et al., 2019) 
and adiponectin (Dai et al., 2013) were reported to induce BDNF transcription in the 
hippocampus. Adiponectin is mainly released from adipose tissue during exercise, but 
it was also found to be expressed in skeletal muscle (Dai et al., 2013). In contrast, other 
myokines, like myostatin are generally decreased in skeletal muscle during and following 
exercise (Baczek et al., 2020). Our systematic review included some preliminary evidence 
that also in people with SCI, neurotrophic factors are induced by acute or chronic exercise 
interventions (Rojas Vega et al., 2008; Zeller et al., 2015; Han et al., 2016; Leech and Hornby, 
2017; Goldhardt et al., 2019; Nishimura et al., 2022). In addition, exercise induced several 
pathways that modulate inflammation, as reviewed by others (Cotman et al., 2007). The 
most extensively studied pro-inflammatory marker is IL-6, which is released from muscle 
tissue during exercise (Pedersen, 2019). During a single bout of exercise, it was found that 
both pro- and anti-inflammatory cytokines increased, keeping inflammation in balance 
(Flynn et al., 2007). As we reported earlier, acute elevations of IL-6 were suggested to be 
beneficial for hippocampal neurogenesis. In contrast, chronic elevations of IL-6 and other 
pro-inflammatory factors are found to be detrimental for cognition and brain plasticity 
(Bourgognon and Cavanagh, 2020). Fortunately, a vast array of research has provided 
evidence that regularly exercising induces reductions in the baseline circulating levels of 
pro-inflammatory cytokines (Flynn et al., 2007). Also in people with SCI quite some studies 
provide preliminary evidence for similar changes in IL-6 levels, as was described in our 
systematic review (Umemoto et al., 2011; Kouda et al., 2012; Paulson et al., 2013; Ogawa et 
al., 2014; Paulson et al., 2014; Sasaki et al., 2014; Rosety-Rodriguez et al., 2014; Alajam et 
al., 2020; An et al., 2020; Alves et al., 2021).

4. Conclusion

Based on recent literature, it has been suggested that an expanding chronic 
neuroinflammatory process following SCI may cause an acceleration of cognitive aging 
(Wu et al., 2016; Molina et al., 2018; Wylie et al., 2020). Although evidence exists that 
physical exercise could be implemented as a therapeutic approach to decrease systemic 
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inflammation and increase the levels of neurotrophic factors in persons with SCI (Rojas 
Vega et al., 2008; Umemoto et al., 2011; Kouda et al., 2012; Paulson et al., 2013; Ogawa et 
al., 2014; Paulson et al., 2014; Rosety-Rodriguez et al., 2014; Sasaki et al., 2014; Zeller et al., 
2015; Han et al., 2016; Leech and Hornby, 2017; Donia et al., 2019; Alves et al., 2021; Goldhardt 
et al., 2019; Alajam et al., 2020; An et al., 2020; Nishimura et al., 2022). To our knowledge, 
only one study also reported improvements in cognitive function with exercise in people 
with SCI (Ozturk et al., 2021). However, none of the studies combined both the evaluation 
of myokines and cognitive function as was initially the aim to find in our systematic 
review. This proves that there is currently a knowledge gap in this topic. We argue that the 
current paper describes enough evidence to suggest that physical activity will probably 
be beneficial for the (cognitive) health of persons with SCI. Furthermore, we hope this 
paper may raise awareness about the underrecognized problem of cognitive decline in 
individuals with SCI and the potential benefit of physical exercise, especially because 
sedentarism levels are high in people with SCI (Soriano et al., 2022).

5. Implications for future research

We believe that our work will serve as an incentive for other researchers to further explore 
the promising effects of exercise as a treatment modality against cognitive aging and 
improve the existing rehabilitation strategies for patients with SCI (and other patients 
with neurological or neurodegenerative disorders). At present, evidence quality of studies 
assessing the effect of exercise on cognition or of exercise on myokine levels is very low 
in the context of SCI. More insight in the mechanism of expanding neuroinflammation 
would aid in the understanding of cognitive aging following SCI, but likely also following 
TBI and probably even in the context of normal aging. Given that we are currently facing 
an aging society, a process that is prospected to continue in the next decades, the problem 
of cognitive aging is becoming increasingly relevant (Dall et al., 2013; Molinares et al., 
2022). While the mechanism of cognitive aging in people with SCI is starting to become 
clear, more research on cognitive dysfunctions in people with SCI is warranted, especially 
in cases without TBI. More attention needs to be directed to the role of comorbidities 
and secondary consequences of SCI as risk factors for the development of cognitive 
impairment (listed in Table 2). It is important that researchers will take these factors into 
account or at least document them as possible influencers of cognitive performance in 
people with SCI. Eventually, we hope that clinicians will also become more aware of the 
importance of assessing cognitive performance both in traumatic and non-traumatic SCI 
cases in the acute phase, in the rehabilitation phase, and especially during follow-up.
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Abstract

Introduction: Individuals with spinal cord injuries (SCI) exhibit a more pronounced 
and accelerated age-related cognitive decline compared to healthy individuals, even 
after adjusting for factors such as mood and concomitant traumatic brain injury. We 
hypothesized that neuromuscular electrical stimulation (NMES) on hamstring and gluteal 
muscles may induce a dose-dependent increase in insulin-like growth factor-1 (IGF-1) 
and temporarily enhance cognition.

Methods: Twenty-two individuals with chronic SCI participated in a randomized cross-
over study, receiving NMES on one of both visits. Participants randomly underwent a 
single session of 30 or 60-minute NMES. Lactate, insulin-like growth factor-1 (IGF-1) 
levels and processing speed were tested before, immediately after and 30 minutes after 
intervention or 60 minutes rest.

Results: Lactate levels increased significantly under NMES conditions compared to 
control. Lactate increases were greater in the 30-minute NMES group compared to the 
60-minute NMES group, consistent with the higher current amplitude applied in the 
former. IGF-1 did not significantly increase, and the effect was further attenuated by a 
longer time since injury in the 60-minute NMES group. SDMT performance improved over 
time at all measurement points, except immediately after the 30-minute NMES session. 
Additionally, a higher level of injury was associated with smaller SDMT improvements 
following the 60-minute NMES session.

Conclusion: Acute NMES did not induce changes in IGF-1 levels or cognitive performance 
in individuals with SCI. Further research is required to explore various NMES protocols 
and their impact on cognitive domains in individuals with SCI.



355

Acute NMES effects on cognition and IGF-1 in spinal cord injury

10

Abbreviations

AIS, ASIA Impairment Scale; ASIA, American Spinal Injury Association; BDNF, brain-derived 
neurotrophic factor; BMI, body mass index; DABEST, Data Analysis with Bootstrap-coupled 
ESTimation; ELISA, enzyme-linked immunosorbent assay; FES, functional electrical 
stimulation; GABA, γ-aminobutyric acid; IGF-1, insulin-like growth factor 1; NA, information 
not available; NMDA, N-methyl-D-aspartate; NMES, neuromuscular electrical stimulation; 
SDMT, Symbol Digit Modalities Test; TBI, traumatic brain injury; VEGF, vascular endothelial 
growth factor.

1. Introduction

Cognitive function impairments are present in about 60% of all individuals with a spinal 
cord injury (SCI) 1,2. Their relative risk for cognitive impairment is 13 times higher than 
that of the general population 3 and their hazard ratio for Alzheimer’s dementia is twice 
as high 2,4. Even when excluding individuals with concomitant traumatic brain injury 
(TBI) and accounting for mood influences, individuals with SCI demonstrate reduced 
performance in information processing speed, executive function, verbal fluency, 
short-term memory, long-term memory and attention tasks compared to age-matched 
healthy adults 5,6. Moreover, these impairments have been reported to worsen over time, 
indicating an accelerated cognitive aging process 7. Individuals with SCI aged 30-40 years 
generally exhibit cognitive test results and brain activation patterns during cognitive 
tasks that closely resemble those of older adult controls aged 50-60 years, while differing 
significantly from their age-matched counterparts 6,8.

Physical exercise may attenuate the cognitive aging process 9,10,11. Even a single session 
of (i.e. acute) physical exercise may temporarily enhance cognitive performance 12,13,14. 
This effect may partly arise from the release of myokines, factors released into the blood 
stream from contracting muscle tissue 11,12,15. More than 1,000 putative myokines have been 
described, some of which may cross the blood-brain barrier and exert neurotrophic effects 
11,16. Examples of widely studied myokines are insulin-like growth factor-1 (IGF-1) and brain-
derived neurotrophic factor (BDNF), which have repeatedly been reported to influence 
neuroplastic processes and cognitive performance 11,17,18. During and following an exercise 
training session, myokines can activate signaling pathways in the brain, facilitating long-
term potentiation-like processes that are critical in several cognitive function domains 11,19,20.

However, individuals with SCI may face challenges in engaging in leisure-time 
physical exercise, depending on the level and completeness of their injury 9. Therefore, 
neuromuscular electrical stimulation (NMES) is proposed as a promising alternative or 
adjunct to physical exercise for inducing muscle contractions in this population. Moreover, 
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muscle activation with NMES has been shown to induce the release of myokines in healthy 
individuals 21,22,23, but no studies have been conducted in individuals with SCI. Additionally, 
it has not been previously investigated whether NMES can induce cognitive changes in 
any population.

Our objective was to investigate if a single session of NMES on gluteal and hamstring 
muscles of individuals with SCI can induce (a) changes in cognitive performance on 
the Symbol Digit Modalities Test (SDMT) and (b) changes in IGF-1. Secondarily, as an 
indicator of dose-response, participants were randomly allocated to either 30-minute or 
60-minute NMES. We hypothesized that 60 minutes would cause the largest increase in 
IGF-1, associated with a larger benefit on cognitive performance.

2. Methods

2.1 Participant characteristics
A total of 22 participants with SCI were recruited from local SCI associations and activity 
clubs in Lithuania (see Figure 1). Participants were aged between 25 and 54 years, with a 
chronic traumatic SCI (between 7 and 37 years since injury), injury level L1 or higher and 
an American Spinal Cord Injury Association (ASIA) Impairment Scale (AIS) classification A 
to C 24. Reasons for exclusion were the inability to lie in prone position for the duration 
of the NMES session, flaccid paresis (areflexia) which might indicate lower motor neuron 
disease, a history of severe autonomic dysreflexia, insufficient mastery of the Lithuanian 
language, severe cognitive or communicative disorders, intolerance or contra-indication 
for electrical stimulation (including current cancer, pregnancy, or metal implants in the 
stimulation area), recent or current participation in an electrical stimulation program (up 
to 6 months prior to inclusion), recent or current pressure ulcer category 2 or higher, and 
infections within 3 weeks prior to blood sample collection. Participants were allowed to 
withdraw from the study at any time. Written informed consent was obtained from all 
participants or their legal representatives before inclusion in the study.

2.2 Study protocol
Participants were enrolled in a randomized AB/BA cross-over study. Randomization was 
done by means of random number calculator in Excel. Participants were randomly allocated 
to 30 minutes (n = 10) or 60 minutes (n = 12) NMES and randomly determined to either 
undergo the control condition first and the experimental condition second, or vice-versa 
(see Figure 1). The arrival order of the participants (time of the day measurements took 
place) was determined randomly by one researcher unaware of the testing day schedule 
or allocation of the participant. They were invited to visit the Lithuanian Sports University 
in Kaunas, Lithuania on two separate days with exactly 48h between both visits. Before the 
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first visit, participants were informed about the study content by the recruiting researcher 
(author V.P.), and a participant information form, including an informed consent form, was 
provided electronically. On the first visit, they were first asked to complete the informed 
consent form before the start of the experiments. Subsequently, participants underwent 
lactate assessments, blood collection and cognitive assessments in this order. This was 
followed by 30-minute NMES, 60-minute NMES, or 60 minutes of rest in a waiting room, 
according to the participant allocation. Immediately after intervention or rest and 30min 
later, assessments of lactate, blood collection and cognitive tests were repeated in the 
same order. On the first visit, participants were asked to complete the questionnaires and 
undergo the clinical tests. On the second visit, participants did not undergo any additional 
tests apart from the intervention and outcome measures (see Figure 2). During testing and 
interventions, participants and assessors were aware of the participants’ group allocation.

Eligible participants (n = 22)

30 min NMES
Control – NMES (n = 6)
NMES – Control (n = 4)

RANDOM ALLOCATION

ENROLLMENT

In one participant, no visible or palpable
contraction was observed. Three participants 
did not attend the second visit.

60 min NMES
Control – NMES (n = 6)
NMES – Control (n = 6)

ANALYSIS60 min NMES
Control – NMES (n = 4)
NMES – Control (n = 6)

30 min NMES
Control – NMES (n = 5)
NMES – Control (n = 3)

Figure 1. Participant flow diagram

Abbreviations: NMES, neuromuscular electrical stimulation.

2.3 Demographic and clinical characteristics
Participants were asked to provide a medical history file from their general practitioner 
including a description of chronic illnesses and the level and completeness of spinal 
cord injury based on an AIS classification 24 measured at least two years after the date of 
injury. If this information was not available, the AIS-classification was re-evaluated by a 
trained rehabilitation physician (author W.V.). Furthermore, participants were specifically 
asked to report a history of traumatic brain injury (concomitant or non-concomitant to the 
spinal cord injury), diabetes mellitus, oncologic disease, systemic inflammatory disease, 
infections in the last 3 weeks, wounds in the last 3 weeks, or autonomic dysreflexia. We 
asked participants to report their age, gender, drug or alcohol abuse, smoking status, time 
since spinal cord injury, highest educational degree (i.e. primary education, secondary 
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education, high school, university bachelor, or university master), current job or indication 
of unemployment or retirement, and participation in physical exercise (type, sessions 
per week, duration per session). Finally, we calculated body mass index (BMI) for each 
participant based on the measured body weight and self-reported body length.

FIRST VISIT

Capillary lactate
Blood collection

Symbol digit modalities test

SECOND VISIT

48h
PRE

Invitation of 
potential eligible

participants (n=22)

RECRUITMENT STUDY OUTLINE

30 min

30 min60 min

60 min

REST

REST

Capillary lactate
Blood collection

Symbol digit modalities test

PRE

REST

60min

NMES
60minVS

Capillary lactate
Blood collection

Symbol digit modalities test

POST
0 min

Capillary lactate
Blood collection

Symbol digit modalities test

POST
30 min

Capillary lactate
Blood collection

Symbol digit modalities test

POST
0 min

Capillary lactate
Blood collection

Symbol digit modalities test

POST
30 min

Questionnaires
Clinical tests

30min OR
REST

60min

NMES
60minVS30min OR

Figure 2. AB/BA cross-over study outline

2.4 Health-related questionnaires
Traumatic brain injury (TBI)-4 questionnaire: The probability of concomitant traumatic 
brain injury at the moment of the SCI was assessed with the TBI-4 questionnaire screening 
tool 25,26. Participants were asked if they lost consciousness or had a temporary loss of 
memory at the time of injury. If they indicated that this was not the case, concomitant TBI 
probability was ranked ‘improbable’. If they did not lose consciousness but reported other 
mental status changes immediately following SCI, TBI probability was ranked ‘possible’. If 
they lost consciousness, they were asked to specify the duration of unconsciousness, with 
a duration below 30 minutes, longer than 30 minutes, or more than 24 hours considered 
indicative of mild, moderate or severe TBI respectively. It should be noted that the TBI-4 
questionnaire has good sensitivity, but poor specificity. Therefore, the results are merely 
indicative of a possible TBI risk 25,26.

2.5 Lactate assessment
Capillary lactate levels were measured using the Lactate Pro 2 (Arkray Co., Ltd.) from a drop 
of blood collected on a test strip after a pin-prick on the fingertip. The first drop of blood 
was discarded and wiped away with a sterile tissue. Lactate measurements were performed 
before, immediately after, and 30 minutes after the intervention or control condition.
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2.6 Blood biomarker assessment
Insulin-like growth factor-1 (IGF-1) was measured from venous blood samples drawn at 
the antecubital vein before, immediately after and 30min after the intervention or control 
condition. Only IGF-1 levels at baseline and IGF-1 levels immediately after intervention 
or control were measured. Additionally, we only assessed levels from the 17 participants 
from whom we had a complete set of blood samples (pre and post on both the first and 
second visits). The reasons for missing samples included not showing up for the second 
visit (n=3), insufficient blood collected for processing (n=1) and refusal of follow-up blood 
collection (n=1). Participants were measured throughout the whole day. On the second 
visit, arrival time was kept the same and participants were asked to take the same meal 
in order to account for diurnal or nutritional influences on blood biomarker levels. Blood 
samples were collected in serum separator tubes. After blood collection, the tubes were 
gently inverted 8-10 times and allowed to clot for exactly 30 minutes at room temperature. 
Then, they were centrifuged for 15 minutes at 4000 x g. After centrifugation, serum was 
aliquoted into 1.5 mL polypropylene tubes, and subsequently stored at -80 °C until further 
analysis. IGF-1 levels were assessed using an enzyme-linked immunosorbent assay (ELISA) 
from a commercially available ELISA kit (IBL International, GMBH, Germany, MD58011, 
with a lower limit of detection 0.09 ng/mL). The ELISA measurement was performed by a 
trained researcher with a background in pharmacology (author O.Q.).

2.7 Cognitive assessment
The symbol digit modalities test (SDMT) 27: This test measures processing speed, complex 
visual tracking and working memory. The oral version of this test has been proven to 
be reliable in spinal cord injury patients 28. It has been validated for the Lithuanian 
population, including among multiple sclerosis patients 29. In this test procedure, the 
subject is given a sheet of paper at the top of which is printed the key (9 abstract symbols 
and 9 corresponding numbers). The key is available to the participants throughout the 
test. A sequence of 120 symbols, each printed in a square, is presented below the key. 
Empty squares are located below the symbol containing squares. In the oral version of 
this test, the examiner, on a copy of the test sheet, records in the empty squares the 
numbers the participant associates, orally, with the symbols. In the first test phase, the 
participant can complete 10 trial symbol-number associations without a time limit; the 
examiner corrects the participant’s errors. After this familiarization phase, the test begins. 
Then, participant get 90 seconds to complete as many associations as possible. The 
outcome measure is the number of correct associations made in the given time frame. We 
had three versions of this test available, each with an unique legend containing slightly 
different symbols. The SDMT test was administered before, immediately after, and 30 
minutes after the intervention or control condition. The order of the versions used was 
1-2-3 for the first visit and 2-1-3 for the second visit.
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2.8 NMES intervention
NMES was applied using a battery-powered portable stimulator with surface electrodes 
(CEFAR REHAB X2, CEFAR Medical AB, Sweden). For each leg, one electrode was placed 
on the proximal side of the gluteal muscles, and a second electrode was positioned 
over the mid-part of the hamstrings. NMES induced a tetanic contraction of the gluteal 
and hamstring muscles. Participants underwent one of the two possible interventions 
(i.e. 30-minute or 60-minute NMES). For both NMES interventions, electrical stimulation 
involved a biphasic 6-second to 18-second activation-rest cycle, 50 Hz frequency, and 
a 400 μs pulse duration. The activation within the activation-rest cycle consisted of a 
1.5-second ramp-up, a 3-second full activation and 1.5-second ramp-down followed by 18 
seconds of rest. The current amplitude was gradually increased until at least a visible or 
palpable muscle contraction was achieved. Then, the amplitude was further increased as 
long as it did not cause discomfort in the participant. However, as some participants with 
SCI may never start to feel any discomfort upon increasing intensity, it was predetermined 
that the current amplitude would never be elevated above 40 mA in the 60-minute 
intervention group, and above 100 mA in the 30-minute intervention group. The reason 
for this decision was that we expected a risk of muscle fatigue when longer durations 
would be used at higher intensities.

Participants in the control condition stayed in the waiting room for 60 minutes 
between assessments. They arrived on the same time of the day and measurement 
protocols and assessors were the same between visits. Furthermore, they were instructed 
to keep activities and nutrition as equal as possible between visits.

2.9 Statistical analysis and sample size calculation
IBM SPSS Statistics 27 (IBM Inc., Chicago, IL, USA) was used to perform all analyses. The 
graphical presentation of the data and the estimation of effect sizes with 95% confidence 
intervals was performed with Data Analysis with Bootstrap-coupled ESTimation (DABEST, 
version 2023.02.14) 30. First, the data was inspected for outliers and normality. Extreme 
outliers, defined as values lying more than 3× the interquartile range away from the 
median were excluded. For this reason, we excluded one outlier in lactate results (on 
the third measurement in control condition), two outliers in IGF-1 results (one on the 
second measurement in the control condition and one on the second measurement in the 
60-minute condition) and one outlier in the SDMT results (on the third measurement in 
control condition). Normality was defined as a value of kurtosis and skewness between -2 
and +2. Additionally, normality was visually checked using P-P plots and histograms. Data 
not meeting one of the normality assumptions were log transformed. Homoscedasticity 
was tested with Levene’s test.
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Differences between 30-minute and 60-minute NMES groups at baseline were 
analyzed using independent t-tests and Chi² tests (or Fisher Exact tests, if the expected 
count in any of the cells was below 5) for continuous and categorical variable respectively. 
A three-way repeated measures ANOVA was conducted for the evaluation of changes 
in cognitive, lactate and IGF-1 levels caused by the intervention, with one between-
group factor (30-minute NMES versus 60-minute NMES) and two within-group factors 
(pretest versus first posttest versus second posttest; and NMES versus control). Finally, 
an explorative analysis of the moderating role of certain participant characteristics on 
the change in the outcome measures was performed using Pearson’s correlations for 
continuous parameters and independent samples t-tests for categorical parameters.

The sample size needed to have sufficient power for performing a three-way 
repeated measures ANOVA and find meaningful differences in our primary outcome, 
changes in SDMT test performance, was estimated with a Shiny app, using a simulation-
based method to estimate power for ANOVA tests 31. As we could not find previous studies 
testing acute NMES effects on the SDMT test, we based our simulation on the study of 
Parthimos et al. including 60 male semi-professional basketball players who underwent 
basketball exercise or one hour inactive resting, with measurements of SDMT test before 
and after the intervention 32. Based on the results of this study we were only able to assess 
the sample size needed for a two-way ANOVA test with two within factors. Therefore, we 
estimated the sample size needed for running this test twice, once for the 30-minute 
and once for the 60-minute NMES group separately. For the simulation, we entered a 
high expected correlation among within-subjects factors estimated to be 0.9, a standard 
deviation of 4.47 and mean values in the exercise group pre 64.93 and post 68.76 and in 
the control group pre 64.77 and post 65.42 based on the abovementioned article 32. The 
results of the simulation showed that with a total of 18 participants, 9 participants in the 
30 minutes and 9 participants in the 60 minutes group, we would have a power of 86.96 to 
find differences between exercise and control group, a power of 97.56 to find differences 
between pre- and post-tests and a power of 80.14 to find significant interaction effects 
between the two within factors.
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3. Results

3.1 Participant characteristics

Table 1. Demographic characteristics

60 min 
NMES 

(n = 12)

30 min 
NMES (n 

= 10)

Total
(n = 22)

Significance

Age (years) 43.1 (5.8) 35.8 (7.6) 39.7 (7.5) 0.019*

Gender
• Male
• Female

8 (66.7%)
4 (33.3%)

10 (100%)
0 (0%)

18 (81.8%)
4 (18.2%)

NA

BMI (kg/m²) 24.5 (5.1) 21.7 (5.5) 23.2 (5.3) 0.240

Smoking
• Never
• Past
• Currently

5 (41.7%)
4 (33.3%)
3 (25.0%)

5 (50.0%)
2 (20.0%)
3 (30.0%)

10 (45.5%)
6 (27.3%)
6 (27.3%)

0.783

Alcohol
• Never
• Sporadically
• Regularly

2 (16.7%)
8 (66.7%)
2 (16.7%)

3 (30.0%)
5 (50.0%)
3 (30.0%)

5 (22.7%)
13 (59.1%)
4 (18.2%)

0.699

Education
• Primary education
• Secondary education
• High school
• University bachelor
• University master

1 (8.3%)
4 (33.3%)
0 (0%)

2 (16.7%)
5 (41.7%)

0 (0%)
5 (50.0%)
1 (10.0%)
3 (30.0%)
1 (10.0%)

1 (4.5%)
9 (40.9%)
1 (4.5%)
5 (22.7%)
6 (27.3%)

0.305

Employment
• Not currently
• Currently

2 (16.7%)
10 (83.3%)

2 (20.0%)
8 (80.0%)

4 (18.2%)
18 (81.8%)

0.840

Physical activity
• Sedentary
• Regularly exercising

7 (58.3%)
5 (41.7%)

10 (100%)
0 (0%)

17 (77.3%)
5 (22.7%)

NA

Time since injury (years) 21 (8.6) 14.4 (7.2) 17.9 (8.5) 0.075

Completeness of injury
• AIS A
• AIS C

9 (75%)
3 (25%)

8 (80%)
2 (20%)

17 (77.3%)
5 (22.7%)

0.594

Diabetes mellitus 0 (0%) 0 (0%) 0 (0%) NA

Reported history of TBI 0 (0%) 3 (30.0%) 3 (13.6%) NA
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Table 1. Continued

60 min 
NMES 

(n = 12)

30 min 
NMES (n 

= 10)

Total
(n = 22)

Significance

TBI-4 questionnaire on concomitant TBI:
• Improbable TBI
• Possible TBI
• Mild TBI
• Moderate TBI
• Severe TBI

5 (41.7%)
2 (16.7%)
3 (25.0%)
0 (0%)

2 (16.7%)

6 (60.0%)
0 (0%)

3 (30.0%)
1 (10.0%)
0 (0%)

11 (50.0%)
2 (9.1%)

6 (27.3%)
1 (4.5%)
2 (9.1%)

0.292

Continuous variables are presented as mean (standard deviation) and unpaired t-tests are used to 
check for differences between high and low intensity groups (per protocol). Categorical variables 
are presented as n (%) and Chi² or Fisher’s Exact tests are used to check for differences between 
high and low intensity groups. If one of the values was 0, a p-value could not be calculated, 
and “NA” was reported instead. Abbreviations: BMI, body mass index; NA, not applicable; NMES, 
neuromuscular electrical stimulation; TBI, traumatic brain injury

Of the 22 participants included in the study, 19 (86.4%) attended both testing sessions at 
the Lithuanian Sport University laboratory. The three participants who did not attend the 
second visit are listed as participants 20-22 in Table 2. Their characteristics or outcome 
measures did not significantly differ from other participants. Demographic characteristics 
of the participants are presented in Table 1 and SCI-related characteristics in Table 2. 
Baseline and follow-up values of the individual outcome measures are depicted in Figure 
3. The absolute values of the outcome measures are presented in Table A.1 (supplemental 
materials). The participants’ ages ranged from 25 to 54 years, and their BMI varied from 
15.1 to 33.5 kg/m². Participants in the 30-minute NMES group were significantly younger 
than participants allocated to 60-minute NMES group (p =0.019).

3.2 NMES effects
Visible or palpable contractions were observed in all participants except one female 
(participant 7 in Table 2). This participant was allocated to the 60-minute intervention 
group. She was not included in further analysis. All participants in the 60-minute 
intervention group received the predetermined maximum intensity of 40 mA. Similarly, 
all participants in the 30-minute intervention group tolerated the predefined maximum 
intensity of 100 mA. The ANOVA test results are presented in Table 3. For lactate, the two 
within-group factors and their interaction were significant (Time, p = 0.032; control vs 
NMES, p = 0.036; Time*control vs NMES, p = 0.004). There were no significant findings for 
IGF-1 changes. Performance on the SDMT only significantly improved over time (p < 0.001). 
No significant effects or interactions were observed for duration of NMES (30-minute vs 
60-minute) for any of the three outcome measures (all p ≥ 0.259). Notably, performance 
on the SDMT test tended to decrease immediately after 30-minute NMES.
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Table 2. Individual SCI-related characteristics of included participants

Number Level and 
completeness of injury

Years since 
injury

Cause Group

1. Th10 AIS A 18 Traumatic Control – 30 min NMES

2. Th11 AIS A 25 Traumatic 60 min NMES – Control

3. Th5 AIS A 13 Traumatic Control – 30 min NMES

4. Th4 AIS A 13 Traumatic Control – 60 min NMES

5. C6 AIS C 22 Traumatic 60 min NMES – Control

6. C5 AIS A 10 Traumatic 30 min NMES – Control

7. Th8 AIS A 21 Traumatic Control – 60 min NMES

8. Th5 AIS A 7 Traumatic Control – 60 min NMES

9. Th8 AIS A 21 Traumatic 60 min NMES – Control

10. Th12 AIS C 32 Traumatic 60 min NMES – Control

11. Th4 AIS A 7 Traumatic 30 min NMES – Control

12. Th10 AIS A 11 Traumatic Control – 60 min NMES

13. Th6 AIS C 10 Traumatic Control – 30 min NMES

14. C4 ASIA C 23 Traumatic Control – 60 min NMES

15. Th12 AIS A 21 Traumatic Control – 60 min NMES

16. C5 AIS A 19 Traumatic Control – 30 min NMES

17. L1 AIS A 37 Traumatic 60 min NMES – Control

18. Th6 AIS A 21 Traumatic Control – 30 min NMES

19. Th12 AIS A 7 Traumatic 30 min NMES – Control

20. Th11 AIS A 22 Traumatic 30 min NMES – Control

21. C5 AIS C 27 Traumatic Control – 30 min NMES

22. L1 AIS A 23 Traumatic 60 min NMES – Control

The level of completeness is presented as the AIS score. The time since injury is presented in years. 
Abbreviations: AIS, ASIA Impairment Scale; ASIA, American Spinal Injury Association.
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Figure 3. Individual outcome values and effect sizes
The individual values per participant are presented for A) lactate, B) IGF-1, C) SDMT performance over 
time at baseline (pre), immediately after intervention or control (post) and 30min after intervention or 
control (post2), for participants with complete datasets of the respective outcome measure, taking into 
account missing values and exclusion of outliers. The number (N) of participants with complete data for 
each condition is shown. Blue lines reflect participants that underwent a 30-minute and orange lines 
reflect participants that underwent a 60-minute NMES session. Control and experimental conditions 
are presented separately. The effect sizes of the change per condition and per duration group (paired 
mean differences) with their 95% confidence interval are presented in comparison with baseline values 
of the same testing day. Abbreviations: IGF-1, insulin-like growth factor 1; NMES, neuromuscular electrical 
stimulation; SDMT, Symbol Digit Modalities Test.



366

Chapter 10

Table 3. Three-way repeated measures ANOVA results

Time Condition (control vs 
NMES)

Duration (30 vs 
60-minute NMES)

Time * Condition Time * Duration Condition * Duration Time * Condition * 
Duration

p pη² p pη² p pη² p pη² p pη² p pη² p pη²

Lactate 0.032 0.184 0.036 0.233 0.403 0.041 0.004 0.275 0.371 0.057 0.685 0.010 0.262 0.076

IGF-1 0.231 0.117 0.348 0.074 0.668 0.016 0.808 0.005 0.641 0.019 0.432 0.052 0.259 0.105

SDMT <0.001 0.451 0.458 0.035 0.337 0.058 0.347 0.061 0.454 0.048 0.464 0.034 0.892 0.004

Dependent variables are presented in the first column. P-values and effect sizes (partial eta 
squared) are given for the Time effect (pre versus post for IGF-1; pre versus immediately post 
versus 30min post for lactate and SDMT), condition effect (NMES versus control)

and duration effect (30 minutes versus 60 minutes) and their interactions are presented. Significant 
values are underlined. Abbreviations: IGF-1, insulin-like growth factor 1; p, p-value; pη², partial eta 
squared value; SDMT, Symbol Digit Modalities Test.

The baseline SDMT results on the second testing day were significantly higher than those 
on the first testing day, irrespective of whether the NMES intervention took place during 
the first (p < 0.001) or second (p = 0.005) visit. IGF-1 levels were significantly higher at 
the baseline of the second testing day compared to the first if the first testing day was a 
control condition (p=0.029).

3.3 Exploratory analysis of the role of participant characteristics
Pearson’s correlations were used to examine the relationships between age, time since 
injury, injury level, or BMI related and the changes in outcome measures (lactate, IGF-1, 
and SDMT results). Independent samples t-tests were conducted to evaluate how gender, 
smoking status, alcohol consumption, educational level, participation in physical activity, 
completeness of injury (AIS A versus C) and loss of consciousness during spinal injury 
influenced changes in outcome measures from baseline to immediately after NMES (see 
Table A.2 in the supplemental materials). The analyses revealed that participants who 
regularly consumed alcohol exhibited significantly higher lactate increases (p =0.017) 
compared to participants who consumed alcohol sporadically or not at all. For participants 
in the 60-minute NMES group, IGF-1 levels increased significantly less in older individuals 
(R² =0.684, p =0.011) and individuals with longer time since injury (R² =0.524, p =0.042), 
and SMDT performance increased more in participants with lower injury level (R² =0.651, 
p =0.003).
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Table 3. Three-way repeated measures ANOVA results

Time Condition (control vs 
NMES)

Duration (30 vs 
60-minute NMES)

Time * Condition Time * Duration Condition * Duration Time * Condition * 
Duration

p pη² p pη² p pη² p pη² p pη² p pη² p pη²

Lactate 0.032 0.184 0.036 0.233 0.403 0.041 0.004 0.275 0.371 0.057 0.685 0.010 0.262 0.076

IGF-1 0.231 0.117 0.348 0.074 0.668 0.016 0.808 0.005 0.641 0.019 0.432 0.052 0.259 0.105

SDMT <0.001 0.451 0.458 0.035 0.337 0.058 0.347 0.061 0.454 0.048 0.464 0.034 0.892 0.004

Dependent variables are presented in the first column. P-values and effect sizes (partial eta 
squared) are given for the Time effect (pre versus post for IGF-1; pre versus immediately post 
versus 30min post for lactate and SDMT), condition effect (NMES versus control)

and duration effect (30 minutes versus 60 minutes) and their interactions are presented. Significant 
values are underlined. Abbreviations: IGF-1, insulin-like growth factor 1; p, p-value; pη², partial eta 
squared value; SDMT, Symbol Digit Modalities Test.

The baseline SDMT results on the second testing day were significantly higher than those 
on the first testing day, irrespective of whether the NMES intervention took place during 
the first (p < 0.001) or second (p = 0.005) visit. IGF-1 levels were significantly higher at 
the baseline of the second testing day compared to the first if the first testing day was a 
control condition (p=0.029).

3.3 Exploratory analysis of the role of participant characteristics
Pearson’s correlations were used to examine the relationships between age, time since 
injury, injury level, or BMI related and the changes in outcome measures (lactate, IGF-1, 
and SDMT results). Independent samples t-tests were conducted to evaluate how gender, 
smoking status, alcohol consumption, educational level, participation in physical activity, 
completeness of injury (AIS A versus C) and loss of consciousness during spinal injury 
influenced changes in outcome measures from baseline to immediately after NMES (see 
Table A.2 in the supplemental materials). The analyses revealed that participants who 
regularly consumed alcohol exhibited significantly higher lactate increases (p =0.017) 
compared to participants who consumed alcohol sporadically or not at all. For participants 
in the 60-minute NMES group, IGF-1 levels increased significantly less in older individuals 
(R² =0.684, p =0.011) and individuals with longer time since injury (R² =0.524, p =0.042), 
and SMDT performance increased more in participants with lower injury level (R² =0.651, 
p =0.003).

4. Discussion

This is the first study to investigate the effects of a single session of NMES on cognitive 
performance in individuals with SCI. Based on data from 18 participants, our findings do 
not provide evidence of an effect of NMES on SDMT performance, a measure of processing 
speed. The intervention was administered at two different durations (30 or 60 minutes 
of NMES), but the current amplitude was higher in the 30-minute NMES group, which 
limits direct comparability. However, no significant differences were observed in lactate 
level changes between the two groups. Therefore, since both intervention durations were 
ineffective and no significant differences were identified between groups for any of the 
outcomes, they are not discussed separately in the subsequent text.

Given the limited number of studies on this topic, we can only speculate as to why our 
hypothesis was not confirmed. We found one other study that evaluated effects of muscle 
training on cognitive function in persons with SCI 33. This study reported improvements in 
a working memory task after 6 months of functional electrical stimulation (FES)-assisted 
rowing exercise. It is unclear whether this effect was partly caused by the FES-assisted 
exercise intervention or only the result of a practice effect, as there was no control group 
included in the study 33.

A secondary aim of this study was to evaluate the role of IGF-1 in enhancing cognitive 
performance in relation to NMES. Physical exercise has been shown to enhance cognitive 
function, with IGF-1 proposed as one of the potential players underlying this effect 34. 
Previous studies have shown that intramuscular IGF-1 expression was upregulated after 
acute NMES in rats 35 and chronic NMES in humans 36. Electrical stimulation in rats even 
induced a larger intramuscular release of IGF-1 compared to aerobic exercise 35. However, 
circulating levels of IGF-1 did not significantly increase in the NMES condition compared 
to control in our study.
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Consistent with previous studies 22, our results demonstrated a significant increase in 
lactate levels following NMES. Interestingly, it has been suggested previously that lactate 
can also have positive effects on cognition 37. Lactate can serve as a precursor to glutamate 
and γ-aminobutyric acid (GABA), the main excitatory and inhibitory neurotransmitters 
in the human brain 38, and potentiate N-methyl-D-aspartate (NMDA) receptors 39. Via 
these pathways, it was argued that lactate may enhance neuroplastic processes such as 
long-term synaptic potentiation, potentially boosting learning and memory formation 
11,38,39. Furthermore, lactate was described to stimulate the release of BDNF in the blood 
circulation 22,40 and vascular endothelial growth factor (VEGF) in the brain 41, myokines that 
respectively play a role in neural survival and angiogenesis. Interestingly, lactate levels 
were reported to increase more with NMES than with voluntary muscle contractions, since 
NMES non-selectively activates both lactate-producing fast-twitch and slow-twitch muscle 
fibers, while with voluntary exercise first the slow twitch fibers are activated according to 
the Henneman’s size principle 23. One study in young healthy adults argued that higher 
lactate levels were the reason they found higher elevations in BDNF levels following NMES 
compared to voluntary exercise with the same integrated force of muscle contraction 22. 
Despite these mechanisms suggest that NMES might enhance cognition via the release 
of lactate, our results are not in line with this hypothesis, given that in the 30-minute 
NMES group, who had higher lactate increases, the normal practice effect seemed to be 
diminished compared to both the 60min NMES and control conditions.

It is important to note that the role of myokines and lactate in the temporary 
enhancement of cognitive performance observed after a single bout of physical exercise 
is still under debate, in contrast to their potential to induce more significant changes 
following chronic physical exercise interventions 15. An alternative hypothesis is that 
acute (high-intensity) physical exercise temporary enhances cognitive performance due 
to increased arousal caused by elevated levels of catecholamines 42. Also after NMES, 
increases in adrenaline have been described in healthy adults 43. Yet again, in our study 
SDMT performance tended to decrease immediately after the 30-minute NMES session, 
where participants received stimulation with a higher current amplitude. Maybe this 
contradiction is in line with physical exercise studies, where it was reported that high-
intense physical exercise may either enhance or impair cognitive performance depending 
on the type of exercise, the type of cognitive task, and the recovery time after exercise 
and before cognitive testing 13. It is possible that the higher current amplitude in this 
condition caused discomfort or fatigue, which may have counteracted the typical practice 
effect observed in cognitive testing. Importantly, none of the participants had autonomic 
complaints or skin reactions due to NMES. Yet, in some participants the NMES evoked 
spasticity. Based on these reflections, we advise to use NMES of an current amplitude that 
is sufficiently high, but still easily tolerated by the participant, similar to what is tolerated 
by able-bodied individuals.
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Second, it is possible that stimulation of paretic muscle tissue may have different effects 
on the release of myokines and catecholamines than stimulation of healthy muscle tissue. 
Interestingly, older age and longer time since injury were related to a significantly lower 
increase in IGF-1 levels following 60-minute stimulation (R = -0.827 and R = -0.724, respectively; 
see Table A.2 in the supplemental materials). Older age was highly correlated to time since 
injury (R² = 0.664, p = 0.001). Participants in the 60-minute NMES group were significantly older 
than those in the 30-minute NMES group. The correlation test findings suggest an attenuation 
of the release of myokines by NMES in case of long-term paresis, possibly associated with 
larger muscle atrophy.

Third, it may be argued that the cognitive test we used for investigating cognitive changes 
may not have been the most responsive to changes caused by NMES. However, based on 
knowledge from exercise studies 44,45, we expected a good likelihood to find NMES effects on 
SDMT performance. Firstly, the SDMT is an information processing task with a working memory 
component, which is known to be one of the domains that is often impaired in people with 
SCI 5,6. Secondly, meta-analyses investigating cognitive changes induced by a single bout 
of physical exercise have repeatedly confirmed an enhancement of processing speed and 
executive functions, which includes working memory 14,44,45,46. Furthermore, the SDMT test is 
considered to be of appropriate difficulty, as it has been shown to be crucial to select a 
cognitive task that is neither too easy nor too challenging, thereby increasing the likelihood 
of detecting significant effects 47. Finally, we discovered that individuals with higher level of 
injury improved less on the SDMT test compared to individuals with lower level of injury 
in the 60-minute group. In line with this finding, Wecht et al. (2018) found that tetraplegic 
participants scored lower on a SDMT test compared to paraplegic participants and controls. 
They attributed this difference to impaired hemodynamic responses in the tetraplegic group, 
as an inadequate systemic and cerebral hemodynamic response to the SDMT test related 
to the test score 48. It is possible that hemodynamics also explain our finding that SDMT test 
changes in participants with higher level SCI are less responsive to an intervention with NMES.

This study has several limitations. First, the study design had different criteria for 
selecting current amplitude between the conditions with different NMES duration. Second, 
we did also not measure the level of electrically evoked force, which may vary greatly between 
individuals due to variability in individuals’ intrinsic tissue properties 49. As a result, the force 
produced by a participant receiving 40 mA could have been higher than that produced by 
someone receiving 100 mA. The effectiveness of NMES depends on the level of electrically 
evoked force, which is strongly related to lactate concentrations 50. Lactate levels significantly 
differed between the control and NMES conditions, but no significant differences were 
observed between the different NMES duration conditions. Third, it could be argued that 
measuring additional outcomes might have provided more comprehensive insights from this 
study, such as including blood assessments of myokines like BDNF, catecholamine levels, and 
evaluating changes across a broader range of cognitive domains using a larger neurocognitive 
test battery.
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5. Conclusion

We conclude that a single session of NMES on the gluteal and hamstrings muscles below 
the level of injury in individuals with SCI induced elevations in lactate levels. On average, 
this increase was larger in participants receiving higher current amplitudes. We did not 
find significant changes in IGF-1 levels or SDMT performance induced by a single session 
of NMES. After a 60-minute NMES session, longer time since injury attenuated the release 
of IGF-1 levels and higher injury level was associated with smaller SDMT performance 
improvements. Further research is needed to determine whether the absence of a positive 
effect can be attributed to participant characteristics, the nature of the intervention, 
or aspects of the outcome assessments. Future research should explore potential 
moderators of NMES effects on cognitive function and investigate the impact of long-
term NMES interventions over multiple weeks.
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Abstract

Introduction: Individuals with spinal cord injury (SCI) can experience accelerated 
cognitive aging. Myokines (factors released from muscle cells during contractions), 
such as brain-derived neurotrophic factor (BDNF), are thought to have beneficial effects 
on cognition. Neuromuscular electrical stimulation (NMES) was shown to elicit a large 
release of myokines. However, the effects of NMES on cognitive function have not been 
studied.

Objective: To present the study protocol for a clinical trial evaluating the effects of NMES 
aimed at improving cognition and BDNF.

Methods: A replicated randomized three-phases single-case experimental design (SCED) 
with sequential multiple baseline time series and a single-armed prospective trial will be 
conducted with 15 adults with chronic SCI (>12 months after injury) above L1 neurological 
level undergoing 30-minute quadriceps NMES, 3 days per week for 12 weeks.

Main study endpoints: Primary endpoint is cognitive performance (assessed by a 
smartphone test) conducted three times per week during the baseline phase with 
random duration of 3 to 8 weeks, the intervention phase of 12 weeks, and the follow-up 
phase of 3 weeks after a no measurement rest period of 12 weeks. Secondary endpoints 
are changes in BDNF levels and cognitive performance measured before the baseline 
period, before and after intervention and after a 12 weeks follow-up.

Conclusion: This will be the first study investigating the effects of 12 weeks NMES on both 
cognition and BDNF levels in individuals with SCI. The SCED results provide information 
on individual treatment effect courses which may direct future research.

Trial registration: ClinicalTrials.gov (NCT05822297, 12/01/2023)
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Abbreviations

AIS, ASIA Impairment Scale; ASIA, American Spinal Cord Injury Association; BDNF, brain-
derived neurotrophic factor; BMI, body mass index; COWAT, controlled word association 
test; ELISA, enzyme-linked immunosorbent assay; FES, functional electrical stimulation; 
FVC, forced vital capacity; GDPR, General Data Protection Regulation; HADS, Hospital 
Anxiety Depression Scale; ICC, interclass correlation coefficient; NMES, neuromuscular 
electrical stimulation; SCED, single case experimental design; NAP, nonoverlap of pairs; 
PEF, peak expiratory flow; SCI, spinal cord injury; PRPM, perceived resistance to passive 
movement; RAVLT, Rey Auditory Verbal learning Test; SDMT, symbol digit modalities test; 
SEM, standard error of measurement; SPIRIT, Standard Protocol Items: Recommendations 
for Interventional Trials; TBI, traumatic brain injury; TMT, trail making test; USER-P, Utrecht 
Scale for Evaluation of Rehabilitation-Participation; VAS, visual analogue scale.

1. Introduction

Cognitive problems in persons with spinal cord injury (SCI) have long been underrecognized 
and were usually explained by concomitant traumatic brain injury (TBI). However, since 
less than five years, it has been noted that individuals with SCI suffer from accelerated 
cognitive aging, even when correcting for mood factors and in the absence of TBI [1][2]
[3][4]. Individuals with SCI face a 13-fold increase in the risk of cognitive impairment 
compared to the general population [5] and they are twice as likely to develop Alzheimer’s 
dementia [6][7][8]. The cognitive domains most affected following SCI are executive 
functions, long-term memory, short-term memory, attention [2], processing speed and 
verbal fluency [1] when controlling for mood factors. This cognitive impairment begins 
in the subacute phase and seems to worsen over time [9]. It was found that individuals 
with SCI have cognitive impairments and brain activation patterns that are similar to 
healthy adults that are on average 20 years older [1][10]. A proposed mechanism for this 
cognitive decline is neuroinflammation [4][11]. Neuroinflammation plays a role in normal 
age-related cognitive decline [12][13][14] and following spinal injury, chronic elevation of 
neuroinflammation is found in the whole central nervous system [15][16][17].

Physical exercise interventions have been shown to have anti-inflammatory effects, 
induce an elevation of neurotrophic factors in the bloodstream, potentiate neuroplastic 
processes in the brain, increase brain volume and benefit cognitive function [18][19][20]
[21]. The anti-inflammatory effect and increase in neurotrophic factors during exercise 
results in part from the release of products from contracting muscle cells (i.e. myokines) 
[20]. This release of myokines has been reported following all sorts of muscle training, 
including electrical stimulation [22][20]. It is often difficult for persons with SCI to sufficiently 
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engage in physical exercise, with only 50% of SCI patients engaging in any leisure-time 
physical activity at all [23]. This difficulty may depend on the level of injury and the severity 
of motor function loss, as well as the availability of sport opportunities for wheelchair 
users. Electrical stimulation has been proposed as an interesting addition or alternative 
for increasing circulating myokine levels in humans with difficulty to participate in regular 
exercise programs [22]. Electrical stimulation can be used alone, i.e. neuromuscular electrical 
stimulation (NMES), or to assist voluntary exercise, i.e. functional electrical stimulation (FES). 
NMES induces contraction of myocytes similarly to exercise, which results in the release 
of myokines in the circulation, as recently reviewed by Sanchis-Gomar et al. (2019) [22]. 
A widely studied myokine is brain-derived-neurotrophic factor (BDNF), which is released 
from neurons [24], astrocytes [25], platelets [26], and skeletal muscle [27] and can trigger 
neuroprotective and neurotrophic effects [28]. Some studies suggest that most of the 
circulating BDNF is released from the brain [29]. Some other myokines, like insulin-like 
growth factor-1 and irisin were suggested to induce the release of brain-derived BDNF 
[20]. Remarkably, one study in young healthy adults reported that circulating levels of the 
myokine named BDNF increased more following a single bout of NMES than voluntary 
exercise with the same integrated force of muscle contraction [30]. Similarly, in a rat study, 
assessing able-bodied rats, the increase in BDNF levels was two times higher after four 
weeks of NMES compared to four weeks of running [31]. Also in human studies, long-
term interventions with NMES were reported to increase circulating levels of BDNF, for 
example in older adults with type 2 diabetes [32]. BDNF can be considered one of the 
most important exercise-induced factors as it has direct beneficial effects on synaptic 
plasticity and neurogenesis, and it was linked with brain atrophy and cognitive function in 
a wide array of research [33]. So far, however, we were unable to find any studies reporting 
a beneficial effect of NMES on cognitive function. To the best of our knowledge, only one 
other study has evaluated the effects of FES [34] and only one study evaluated the effects of 
NMES [35] on cognitive function. The FES study is also the only study investigating exercise 
effects on cognition in SCI patients. In this study, improvements on a working memory task 
were reported after 6 months of functional electrical stimulation (FES)-assisted rowing 
exercise in SCI patients. This study did not measure myokine levels [34]. The authors of 
the NMES study evaluated the effect of a short intervention of 15 days of NMES in coronary 
bypass patients and discovered that patients in the experimental group showed increases 
in functional connectivity in the brain frontoparietal, salience and sensorimotor networks 
[35]. Overall, there is a lack of knowledge on the effects of electrical stimulation to improve 
cognitive function and the dose-response needed to attain such effect.

We will use a randomized replicated ABC single case experimental design (SCED) 
[36]. Primarily, we will examine to what extent and after how many weeks a 12 week 
intervention with NMES may change performance of people with SCI on the momentary 
digital symbol substitution task, an information processing task that will repeatedly be 
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administered via a smartphone application. NMES will be applied to the quadriceps 
muscles of individuals with SCI. An intervention of 12 weeks is considered to be sufficient 
to induce both a myokine response and muscular changes. Secondarily, we will assess 
changes in the myokine BDNF before and after the 12 week intervention with NMES 
and after a 12 week follow-up without NMES. We hypothesize that NMES will have a 
beneficial effect on cognitive performance starting from the first weeks and that 12 weeks 
of NMES will induce an elevation of BDNF levels. This study tests a new treatment strategy, 
accessible even to individuals with low physical exercise possibilities, with the potential 
to slow down or prevent further cognitive decline in persons with SCI. The explorative 
findings may guide future research. Furthermore, it may help to raise awareness of the 
process of accelerated cognitive decline in persons with SCI.

2. Methods

The Standard Protocol Items: Recommendations for Interventional Trials (SPIRIT) 
guidelines (see Appendix) and RoBiNT scale for risk of bias in SCED studies were used in 
designing and describing this clinical trial [37][38].

The trial was registered with ClinicalTrials.gov (NCT05822297) on the 12th of January 
2023, sponsored by Adelante Zorggroep and approved by the Medical Ethical Testing 
Committee (reference number W23.071) of Maxima Medical Center at Veldhoven, the 
Netherlands on the 9th of October 2023. In case of important protocol modifications, they 
will be notified to the Medical Ethical Testing Committee and updated in the trial registry.

2.1 Participants
Participants and recruitment: Participants will be recruited from the outpatient clinic of 
the rehabilitation center Adelante Centre of Expertise in Rehabilitation and Audiology, 
locations Hoensbroek and Maastricht University Medical Center (MUMC+)., the Netherlands. 
The rehabilitation physician will inform potential participants about the study and flyers 
with information will be handed over. The flyers will include the contact details of one 
of the researchers. Alternatively, participants can give permission to the physicians that 
their contact information can be sent to the researchers.

Inclusion criteria: Participants are eligible if they are 18 years or older, have SCI 
since at least one year (chronic phase), the injury level is L2 or higher (meaning that the 
quadriceps muscle is likely affected to some extent, since this muscle is innervated by 
radicular nerves L3-L4), completeness of injury has been scored according to the American 
Spinal Injury Association (ASIA) Impairment Scale (AIS) [39] as either A, B or C, if they 
are able to use apps on their smartphones, if they are able to use NMES device safely at 
home, and if they speak Dutch at a native level. We will exclude participants if we cannot 
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induce visible or palpable contractions of the quadriceps muscles with NMES or if they 
cannot tolerate the NMES intervention. We will exclude participants with a diagnosis of 
cancer, neurodegenerative or psychiatric disorders, current pressure ulcers, a history of 
severe autonomic dysreflexia (systolic blood pressure elevations above 200mmHg), have 
metal implants in the stimulation site, an intrathecal baclofen pump, or are currently 
pregnant. Finally, we exclude participants who have taken part in a program with electrical 
stimulation in the last 6 months prior to the study.

2.2 Study design and procedures
2.2.1 Study design
This study will apply a randomized replicated sequential ABC single-case experimental 
design (SCED), with a baseline (A), intervention (B) and follow-up (C) phase [36][40]. SCED 
study designs demonstrate strong internal validity to determine the likelihood of a causal 
relationship between the intervention and outcomes. One entity is observed repeatedly 
over a certain time period under different levels of at least one independent variable. The 
power in SCEDs is related to the number of data points for each participant and not the 
number of participants. Each participant serves as his/her own comparison, thus controlling 
for confounding variables that can impact outcome and allowing heterogeneous clinical 
presentations. The internal validity of the SCED results can be improved by randomization 
techniques such as randomization of the starting time of the intervention. The downside 
is that the generalizability of the study results to the total population still depends on the 
number of participants included (i.e. replication of the findings) [41][40]. The SCED lend 
itself perfectly to reflect on the reasons for the (likely) variability in the onset of NMES-
induced effects on cognitive performance, looking at individual participant’s intervention 
courses. Thus, allowing to reflect on the existence of different potentially moderating 
characteristics. Several potential moderators have been suggested previously [4] and will be 
measured within this study. These include concomitant traumatic brain injury, psychological 
alterations, chronic pain, hemodynamic dysregulation, level of injury, respiratory failure, 
substance (ab)use, educational level, cardiovascular diseases, and intensive care admission 
[4]. In addition, a SCED design allows us to interpret after how many weeks the NMES 
leads to changes in performance on the momentary digital symbol substitution task. The 
aforementioned advantages of SCED studies indicate how this design offers additional 
information that is well fitted for an explorative study in a new topic.

In the context of SCED studies, randomization does not refer to individuals being 
randomly allocated to treatment groups, but to the random onset of the intervention phase 
which is usually set within a fixed window of time in order to make this randomization 
more feasible [38]. In this study, a window of 9 to 24 measurement points (i.e. 3 to 8 
weeks at the set frequency of three test assessments per week) will be employed in which 
the change of phase from baseline to intervention phase will be randomly determined. 
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This determination will be done with a random number generator in Excel set to give a 
random number between 9 and 24. There will be a baseline phase ranging from 3 to 8 
weeks, followed by an intervention phase of 12 weeks and a final follow-up phase of 3 
weeks after a 12 week rest period with no measurements and no interventions. As we 
will exclude the first 4 measurements in the baseline phase from analysis, see section 
2.7, this leaves us at least 5 measurement points in this phase, 36 measurement points 
in the intervention phase and 9 measurement points in the follow-up phase. Neither 
participants nor researchers will be blinded to the phase of the intervention. Replication 
of the experiment will be done in 15 participants.

Finally, additional measurements will be done in a repeated manner according to a 
single-armed prospective design before baseline phase, at the end of the baseline phase, 
at the end of the intervention phase and at the start of the follow-up phase.

2.2.2 Study procedures
The experimental design is illustrated in Figure 1. Upon the first appointment (T1), 
participants will sign an informed consent and undergo baseline examinations consisting 
of questionnaires and clinical tests. A smartphone application for repeated monitoring 
of cognitive function will be installed on their smartphones and they will be familiarized 
with the cognitive tests and neuromuscular electrical stimulation intervention. On a 
separate day (T2), within seven days from the first appointment, they will undergo a 
series of cognitive tests and venous blood samples will be collected. Furthermore, they 
will fill in a second list of questionnaires and undergo a clinical evaluation of strength 
and spasticity . This will be followed by a no-treatment baseline period with a random 
length of 3-8 weeks. Upon the third (T3), fourth (T4) and fifth (T5) visit, the oral cognitive 
tests, venous blood sample collection and questionnaires from T2 will be repeated. During 
the third visit (T3) the participants will receive their own NMES device for home-based 
training and they will be asked to return it 12 weeks later on the fourth visit (T4). All 
participants will undergo the same intervention. During the fourth visit (T4) the clinical 
evaluation of strength and spasticity that was done at T2 will be repeated. Between T2 and 
T4 and between T5 and T6 participants will undergo smartphone cognitive tests 3 times 
per week. At the end of the study, no additional tests will be done. Participants will be 
requested to write in a diary the specifications of the NMES session (duration, intensity) 
after each session and indicate when they performed a cognitive test. They can also write 
down any problems they encountered using the NMES device or smartphone application. 
Participants receive a telephone call once a week by one of the researchers to assess 
how they feel, be reminded of the diary and to assure there are no technical issues with 
the NMES device or smartphone application. Participants are allowed to withdraw from 
the study at any time. Available data from these participants will be included in the data 
analyses whenever possible.
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Cognitive outcome parameter 
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2.3 Intervention
The intervention consists of 12 weeks NMES which will be done using the Pierensymphony 
M, serie A, article number 104800 (10003566) (manufactured by Pierenkemper GmbH and 
distributed by schwa-medico Nederland B.V.), a two-channel NMES device designed, and 
CE marked for muscular electrical stimulation (CE 0482). After a familiarization session, the 
intervention will be home-based, three times a week, with at least 1 day between stimulation 
sessions and 2 days between a stimulation session and testing day. Electrical stimulation will 
be done on the quadriceps muscles of both legs simultaneously. For each leg, one electrode 
is placed on the proximal lateral side and one on the distal medial side of the quadriceps 
muscle (see Figure 2). Electrical stimulation will take 30min, at a stimulation frequency of 50Hz, 
and a pulse width of 400μs. We will choose the highest intensity that is easily supported by 
the participant without inducing discomfort with a maximum intensity of 100mA. We should at 
least see a visible or palpable contraction or the participant will be excluded. The activation 
within the activation-rest cycle consists of a 1s ramp-up, 7s full activation and 1s ramp-down, 
followed by 18s rest. Every 4 weeks the rest period will be diminished with 3s until the rest 
phase is equal to the activation phase (9s). Participants may continue their normal treatments, 
which may consist of physiotherapy. However, they will be asked not to change their physical 
activity habits during the experiment.

2.4 Cognitive assessments
2.4.1 Smartphone-based cognitive assessment
To study the primary aim of our study, participants will undergo a cognitive test for 3 times 
a week during the baseline, intervention and follow-up phase of the experiment. This 
repetitive cognitive test will be administered using a secured smartphone application, which 
was designed for use in clinical settings and research (m-Path, https://m-path.io/landing/). 
It will be programmed to emit an auditory signal three times a week signaling the availability 
of a new cognitive test between 7.30 AM and 10.30 PM on the days that participants do not 
undergo NMES sessions. The test is the momentary digital symbol substitution task, which 
is a measure of processing speed and short-term working memory function. For this test, 
participants have 30 seconds time to complete as many trials as possible where they need 
to correctly select the figure representing the number given as depicted in the legend 
provided on the top of the screen. The outcome is presented as response time derived 
from the number of trials/30s (speed, in ms) and the percentage of correct trials (accuracy). 
Before the test starts, participants will be informed that they should be ready to respond as 
fast and accurate as possible. Daniëls et al. (2020) have validated this test for repeated use 
in healthy adults. They reported a significant learning effect for number of correct answers 
in 30 seconds between the first and 48th trial (B = 0.32, SE = 0.04, p < 0.001; with number 
of correct answers as the dependent variable and the logarithmic transformation of the 
session number (between 1 and 48) as the independent variable) [42].
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Figure 2. Placement of the electrodes on the quadriceps muscles

2.4.2 Oral cognitive test battery
At four time points, participants will undergo an oral cognitive test battery consisting of 
seven tests that were validated for repeated use in people with SCI, even with impaired 
hand function [43]. The Dutch version of these tests will be used, whenever the test 
depends on language. The tests have a good-to-excellent test-retest reliability, except 
the RAVTL recognition score which has been shown to have a poor test-retest reliability 
[43]. This test was still used as the interference recall and delayed recall scores of this 
test have a good test-retest reliability in people with SCI [43]. To further decrease learning 
effects of repeated administration of the cognitive tests, different versions will be used 
on different visits if available. The test versions will be numbered and on their first visit 
participants will be asked to draw a random number from an envelope including a number 
for every existing version of the cognitive test, until the envelope is empty. This is repeated 
for every cognitive test. The sequence will be reported for the next visits. The cognitive 
tests are presented in Table 1.
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Table 1. Oral cognitive assessments

Cognitive test Description

Information processing speed

SDMT This test is similar to the m-Path smartphone test. However, now, the participant 
is asked to verbally match the number representing the symbol given as depicted 
in the legend provided on the top of the page. The researcher writes down the 
answers on a separate page. The first 10 trials are used for familiarization, then the 
participant is given 90 seconds to verbally match as many numbers to symbols as 
possible. The final score is obtained by subtracting the number of errors from the 
number of items completed within the given timeframe [34]. To minimize learning 
effects, three different versions of this test will be used.

Verbal fluency

COWAT For this test participants are asked three times to name as many words starting 
with a specific letter in one minute time. Words cannot be named more than 
once and non-existing words are not counted. In addition, names of persons and 
numbers are also not allowed. There are three versions of this test (DAT, KOM, 
PGR) in the Dutch language. The total score is the sum of the number of words 
named for each of the three letters [35][34].

Attention/concentration

Digit Span 
Forward

Participants will be given a series of numbers, starting with 2 numbers and 
progressing to 9 numbers, read by an assessor. Participants will be asked to repeat 
the numbers in the same order. They get two trials before progressing to a larger 
series of numbers. When both series are answered incorrectly, the test is ended. 
The total score is the number of correctly answered series [34]. There are two 
versions of this test available at our institution.

Executive functions

Digit Span 
Backward

This version of the digit span adds a working memory component to the test when 
compared to the forward digit span. Participants will be given a series of numbers, 
starting with 2 numbers and progressing to 9 numbers, read by an assessor. 
Participants will be asked to repeat the numbers backwards. They get two trials 
before progressing to a larger series of numbers. When both series are answered 
incorrectly, the test is ended. The total score is the number of correctly answered 
series [34]. There are two versions of this test available at our institution.

TMT A & B This test assesses switching ability. This test encompasses two parts. In trial A, 
the participant verbally count from 1 to 25 as quickly as possible. In trial B, the 
participant will be instructed to verbally alternate between numbers and letters of 
the alphabet until 13. The time difference between trial A and B will be recorded. 
This test lasts approximately 3 minutes [36][34].
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Table 1. Continued

Cognitive test Description

Stroop test This test assesses cognitive inhibition, but also attention and processing speed. 
This test consists of three lists that the participant must read out loud; the first 
list has the names of colors printed in black ink, the second list with the colors 
printed in colored ink, and the final list having the name of colors printed in 
incongruent colored ink (e.g., the word red is printed in blue ink). The time to 
complete second list, third list, as well as the time difference between these latter 
two lists will be recorded. The test takes approximately 5 minutes. There is one 
version of this test available [37][34].

Memory

15 word test 
(RAVLT)

The 15 word test is the RAVLT. This test consists of a list of 15 words that is 
read to the participant by an assessor. After reading, the participant must try 
to recall as many words as they can. This read and recall process is repeated 
an additional four times. A distractor list (second list) is presented with a recall 
attempt, followed by a timed recall of the first list. The timed recall measures 
the participant’s ability to recall information despite the intervening list. After 10 
minutes, the participant performs another timed recall of the first list of words. 
Afterwards the participant is given a recognition task where they identify the 15 
words from the initial list from a paragraph containing 30 underlined words. This 
final trial distinguishes memory storage from inefficient recall [34]. There are two 
versions of this test available at our institution.

Abbreviations: COWAT, controlled word association test; RAVLT, Rey Auditory Verbal Learning Test; 
SDMT, Symbol Digit Modalities Test; TMT, Trail Making Test.

2.5 Blood analysis
Venous blood samples will be taken at the antecubital vein. Blood samples will be 
collected in two 5mL serum separator tubes. After blood collection, the tubes will be 
gently inverted 6-8 times and within 90 min be centrifuged. Quantitative determination of 
serum BDNF will be measured using enzyme-linked immunosorbent assays (ELISA). Blood 
will be drawn four times (T2-5) per participant during the whole study project. To decrease 
errors due to ELISA kit differences, we will store the blood samples in a refrigerator 
compartment at the Maastricht University laboratory site at -80°C until analysis, using the 
same kit for all blood measurements of the same participant at the end of the project.

2.6 Demographic and clinical assessments
At baseline, we will collect information on participant’s age, gender, smoking status, 
years of education, cause of the SCI, date of the SCI, drug/alcohol use, body mass index 
(BMI), medical history such as diabetes mellitus or hemodynamic regulation problems 
(hypertension, hypotension, autonomic dysreflexia) or respiratory problems (nocturnal 
apnea or use of a device for sleep apnea, signs of restricted or obstructive lung disease on 
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spirometry test) or history of intensive care admission, medication use, history of TBI, and 
infections or wounds in the past 3 weeks. Some clinical tests will also be conducted upon 
baseline, while others are also measured at follow-up since we expect they may change 
due to our intervention. The latter are therefore seen as secondary outcomes and may be 
evaluated in a separate study.

The following clinical tests will be conducted:
At measurement timepoint 1
• SCI classification: Functional impairment in terms of sensation and strength of key 

muscles will be assessed using the AIS classification [39]. It is a structured clinical 
assessment of the level and completeness of the spinal cord injury. Intra- and 
interobserver correlation coefficients are generally around 0.9 [44].

• Lung spirometry: A portable spirometer (Vitalograph In2itive) will be used to assess 
forced expiratory volume in one second (FEV1), forced vital capacity (FVC) and peak 
cough flow (PCF) (L/s).

• Heart rate and blood pressure measurement using an automated device will be 
measured at the left or right arm in seated position.

At measurement timepoint 1 and 4
• Spasticity level: The Perceived Resistance to Passive Movement (PRPM) test is 

recommended by the Dutch guidelines for measuring spinal spasticity [45]. The scale 
ranges from (0) ‘no increased resistance’ to (4) ‘movement of the limb impossible’. 
Resistance of elbow flexors, elbow extensors, wrist flexors, wrist extensors, hip 
adductors, knee flexors, knee extensors, ankle plantar flexors (both with extended 
and with a 90° flexed knee) will be assessed in supine position. A sum of the scores 
will be used as the outcome measure, ranging from 0 to 32.

• Electrically-evoked muscle strength: The MicroFET2 (Hoggan Scientific, LLC) muscle 
strength testing system is an handheld dynamometer, which will be used to measure 
electrical stimulation-evoked quadriceps force. The electrical stimulation protocol 
will be equal to that used during the 12 week intervention. The dynamometer will be 
affixed to a band, which in turn will be secured around the wheelchair and the distal 
part of the participant’s lower leg. The MicroFET2 dynamometer demonstrates a high 
intra-rater reliability for knee extension, with an interclass correlation coefficient 
(ICC) of 0.93, a standard error of measurement (SEM) of 17.2N and a minimal 
detectable change of 47.5N [46].
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The following questionnaires will be used:
At measurement timepoint 1
• Brief Physical Activity Assessment Tool: This tool is a two question physical 

assessment. It has a validity similar to that of more detailed self-report measures 
of physical activity. It can be used efficiently in routine primary healthcare services 
to identify insufficiently active patients who may need physical activity advice [47].

• TBI-4 questionnaire: This questionnaire is specifically designed as a self-report 
tool to determine the likelihood of TBI in traumatic SCI patients utilizing just two 
questions. The outcome is presented as improbable TBI, possible TBI, mild TBI, 
moderate TBI or severe TBI. At the cut-off “possible TBI” this tool had a sensitivity of 
83% and a specificity of 51% to detect mild TBI based on medical reports, indicating 
this questionnaire can be used as a guide in the unavailability of medical reports, 
but should be interpreted with care [48].

At measurement timepoints 2 till 5
• Cognitive Failures Index: This test can reliably evaluate how participants experience 

their own cognitive function. It consists of 25 questions, each scored on a 5-point 
scale ranging from never (0) to very often (5) [49].

• McGill Pain Questionnaire: Participants will be given a figure of a person, where they 
can color the zone of pain. They will be asked to describe the pain and score it on a 
10 point visual analogue scale (VAS) and will receive some questions related to the 
impact of pain on their daily life [50].

• Hospital Anxiety and Depression Scale (HADS): this scale is a widely used and reliable 
screening instrument to assess the severity of anxiety and depression [51]. A subtest 
score of more than 8 on 21 denotes considerable symptoms of anxiety or depression.

• Fatigue Severity Scale: This questionnaire encompasses nine questions and has 
previously been used to recognize and diagnose fatigue in patients with neurological 
disorders [52].

• Pittsburgh Sleep Quality Index: This index consists of 19 questions concerning seven 
domains related to sleep quality in the preceding month. Every domain receives a 
score of 0-3, with a total score of 0-21. A score of more than 5 indicates a poor sleep 
quality [53].

• Utrecht Scale for Evaluation of Rehabilitation – Participation (USER-P): This test is 
widely used to assess participation in daily life activities in rehabilitation contexts. 
It contains 32 questions related to the frequency of participation, participation 
restrictions and satisfaction with participation, with a total score of 0-100 for each 
of these three domains. A higher score indicates a better participation. [54].
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The baseline measurements of potential moderators of the effect of our intervention on 
cognitive and blood outcomes and risk factors for cognitive impairments according to a 
previous review paper will be entered in the statistical analysis [4]. The risk factors for 
cognitive impairments will be entered as a combined risk score with a maximum score of 10, 
indicating the highest risk. Participants receive a score between zero and one for each of the 
following: 1 point if self-reported history of TBI or mild to severe concomitant TBI according 
to TBI4 questionnaire [48], 0.5 points for a score of >8/21 for anxiety and 0.5 points for a score 
of >8/21 for depression on the HADS scale [51], 1 point for chronic pain indicated on the McGill 
pain questionnaire to exist longer than 3 months and is scored at its minimum a VAS score 
of 3 [50], 0.5 points for a history of autonomic dysreflexia and 0.5 points for a blood pressure 
below 90/60 upon measurement, 1 point for tetraplegic participants compared to 0 points 
for paraplegic participants, 0.33 points for self-reported sleep apnea, 0.33 points for a FVC 
value below 0.85% of the predicted value, and 0.33 points for a PCF below 4.5L/s, 0.25 points 
for regular alcohol use (more than once per week), 0.25 points for drug abuse, 0.25 points for 
polypharmacy (more than 7 prescribed drugs), 0.25 points for any medication acting on the 
central nervous system, 1 point for participants who finished only basic education, 0.5 points 
for participants who finished only secondary education, 0.5 points for diabetes mellitus, 0.5 
points for a BMI equal to or above 25kg/m² [55], 1 point for previous intensive care admission.

2.7 Statistical analysis
2.7.1 Single-case data
For our primary aim, the smartphone cognitive assessment, statistical analysis will be 
performed using the Shiny app for Single-Case Data Analysis (Shiny SCDA) [56]. A total of 
54-69 measurements per participant will be attained.

2.7.1.1 Visual analysis
First, measurement points will be plotted and visually inspected per participant. Six features 
will be visually examined according to the guidelines of Lane and Gast (2014): cognitive 
performance in the different phases, variability in cognitive performance both within and 
between phases, trends in the data, immediacy of effect, overlap of data points between 
phases, and consistency of data patterns across participants [57]. Instead of inspecting only 
immediate effects, also the existence of a potential delay of the effect and consistency of this 
delay between participants will be explored [58].

2.7.1.2 Effect size measures
Finally, effect size measures will be calculated for each participant. This will be done by 
calculating the percentage of non-overlapping pairs between phases [59]. The NAP 
(Nonoverlap of All Pairs) value equals the number of comparison pairs showing no overlap, 
divided by the total number of comparisons, and can be considered an area under the curve 
percentage from a receiver operating characteristic analysis [60].
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2.7.1.3 Randomization test
Subsequently, randomization tests will be performed to test the null hypothesis that 
NMES does not have an effect on participant’s cognitive function. The observations of 
the baseline phase will be compared to those of the intervention and follow-up phases 
respectively. The test statistic “means of phase A minus means of phase B” will be 
chosen as the primary outcome of this study. In case visual analysis suggests delayed 
effects, the randomization test will be repeated with lagged data until the lowest 
p-value has been reached (one effect lag equals one day). The first 4 measurements 
in the baseline phase will be removed before calculating the means, since we expect 
a learning effect on the first trials, leaving between 5 and 20 measurement points 
depending on the randomly decided length of the baseline period. Studies that tested 
the statistical properties of a randomization test used in this type of design showed 
that the Type I error probability of the randomization test was maintained at an 
acceptable level [61].

2.7.1.4 Missing data
Missing values from the repeated smartphone-based cognitive test will be treated with 
the randomized marker method [62]. In this method, the missing value is removed 
from calculation of the mean in the randomization test. In addition, the position of 
the missing value will be randomly reshuffled within possible randomization schemes 
of the study protocol. In this study, this means that a missing value in the baseline or 
beginning of the intervention phase may be reshuffled to be part of the other phase 
if this falls within the possibilities (i.e. if it falls within the first 4 to 8 weeks of the 
study). This method was found to be more effective at controlling type I error and 
resulted in higher power than multiple imputation and single imputation using a time 
series model in a SCED simulation study [63].

2.7.2 Secondary data
For the secondary study parameters (i.e. BDNF levels and results of the oral cognitive 
test battery) which are measured within a single-armed prospective design, statistical 
analysis will be done using IBM SPSS Statistics 27.

2.7.2.1 Secondary statistics
Before analysis, the data will be checked for outliers, defined as values lying further 
than three times the interquartile range away from the median value. The normality 
assumption will be checked based on visual representations of the data using 
histograms and measurements of skewness and kurtosis (normality assumed if the 
data values lie between -2 and +2) [64]. Homoskedasticity will be tested using the 
Levene’s test. Descriptive statistics will be used. Furthermore, the Friedman test will be 
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used for analysis of repeated measurements. The False Discovery Rate (FDR) method 
will be applied to correct for the multiple testing problem. In the FDR method, every 
p-value is compared against a sequentially weighted threshold on all p-values [65].

2.7.2.2 Missing data
Missing pre-post values will not be replaced by specific values, but be excluded from 
statistical analysis.

2.8 Sample size calculation
2.8.1 Single-case data
The sample size needed for the abovementioned statistical analyses is different for the 
SCED and single-armed prospective study design. For the SCED design, the minimum 
sample size is n = 1. Instead, the power of the analysis depends on the number of 
observations [41][40]. For randomization tests the lowest attainable p-value is calculated 
by dividing 1 by the number of possible permutations. In this study, the baseline phase, 
after removing the first four values because of a learning effect, can contain 5 to 24 
measurement points, allowing 20 possible permutations. This corresponds with a lowest 
attainable p-value of 0.05 [56]. Of note, successful replication of the single-case experiment 
in additional participants with similar symptoms will improve the generalizability of the 
results [41][40].

2.8.2 Secondary data
For the single-armed prospective study design we have estimated the sample size needed 
in order to have sufficient power (Power = 0.80) for evaluating a Time effect (over 4 time 
points) of cognitive test performance changes with repeated measures ANOVA. We found 
no previous studies examining the effect of any muscle activity intervention in spinal 
cord injury subjects. Therefore, the required effect size was estimated to be similar to 
that from a meta-analysis examining the effect of resistance exercise interventions on 
general cognitive function in healthy adults [66]. The overall effect size (Cohen’s d) was 
0.71 (0.30-1.12) for resistance exercise. The correlation among repeated measures for this 
cognitive test battery that was found to be ≥ 0.77 in a previous SCI study [43]. G*Power 
3.1.9.7 estimated that the minimum total sample size should be 7. Taking into account 
potential drop-outs and the uncertainty of the effect, we decided to aim for a total sample 
of 15 included participants.

2.9 Data management
All the participant data will be coded and pseudomized to protect their privacy. The 
repeated cognitive test will be administered using a secured smartphone application 
(see www.m-path.io/landing), which was designed for use in clinical settings and research 
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and is General Data Protection Regulation (GDPR) compliant. Participants will register to 
m-Path with their study code instead of their personal name. With a password, one of 
the researchers can access a dashboard where data from all included participants will 
be visible. Other test results including participant identification details will be stored 
at Adelante Hoensbroek in a locked cabinet with restricted access. The key will be kept 
in another locked cabinet. The test results with participant identification will only be 
accessed again after coding and de-identifying the data in order to hand them over 
to participants requesting their test results. The data will be stored for 15 years. Blood 
samples will be destroyed after analysis, which is expected to take place within one year 
after blood collection. We intend to make pseudomized data from our study available 
according to the FAIR principle, such that it is Findable, Accessible, Interoperable and 
Reusable. Both negative and positive results will be made public. Our results will be 
presented on the Dutch national rehabilitation medicine congress and international 
rehabilitation/neuroscience congresses so that rehabilitation professionals are more 
aware of the benefit of muscle training or maintaining a healthy body overall on the 
brain and cognitive function, and so that neuroscientists will understand the relevance 
of neuromuscular electrical stimulation as one of the muscle training strategies to 
investigate the exercise-cognition link. The results will be conveyed locally to spinal 
cord injury subjects in our rehabilitation center in Hoensbroek and in the Maastricht 
University Medical Center (MUMC+). We will inform other national spinal cord injury clinics 
of the results and we will discuss the findings in the national work group of the Dutch 
rehabilitation society for movement and sport. Finally, the results will be submitted to a 
peer-reviewed journal.

2.10 Risks and harms
The use of electrical stimulation is generally safe. It has even been used unsupervised 
in spinal cord injury subjects during sleep [67]. However some adverse events or 
inconveniences that have been reported previously in literature are a red, raised or 
itchy skin; muscle pain; increased neuropathic pain; uncomfortable feeling; orthostatic 
hypotension (dizziness, light-headedness, blurred vision, palpitation or shortness of 
breath); in some cases pain from a spasm may occur. The adverse events reported are 
temporary added risks that disappear once the stimulus/stimulation has stopped [68]. In 
case the subject feels uncomfortable during electrical stimulation, they will be informed 
that the stimulation can be interrupted. Participants with a lesion level above T6 may 
experience autonomic dysreflexia in response to the electrical stimulation. Whenever 
this occurs, stopping the electrical stimulation should solve the problem. Participants 
with lesion levels above T6 will be explained how they can recognize signs of autonomic 
dysreflexia. Whenever autonomic dysreflexia has occurred during the NMES training period 
participants are asked to contact the medical professional who’s telephone number is 
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provided to them at the beginning of the project and in the participant information. The 
sponsor has a liability insurance which covers for damage to research participants. All 
adverse events reported spontaneously by a participant or observed by the investiga¬tor 
will be recorded.
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1. Summary of the main findings

The primary aim of this dissertation was to further our understanding on the mechanisms 
underlying the beneficial effects of resistance exercise on brain health and cognitive function 
in older adults, by exploring the role of exerkines (growth factors, myokines, cytokines, 
metabolites, hormones and neuropeptides released from bodily organs during physical 
exercise) on (exercise-induced changes in) neuroplasticity. Secondarily, the beneficial effects 
of neuromuscular electrical stimulation on cognitive function in individuals with spinal cord 
injury were evaluated.

In part I of this dissertation, the exerkines suggested to mediate neuroplastic and 
cognitive changes of acute and chronic exercise were discussed. Chapter 1 presents a narrative 
review highlighting the influence of 16 exerkines on the molecular pathways involved in long-
term synaptic potentiation (LTP) [1]. LTP is a complex neurophysiological process resulting in 
the increase in synaptic transmission from one neuron to the next. The evidence presented 
in this review paper can be considered indicative of the neurobiological actions of these 
exerkines from the perspective of molecular neuroscience. Given the existing neurobiological 
background of these 16 exerkines, they were considered promising candidates for further 
evaluation in the following studies. The 16 exerkines included: the growth factors BDNF (brain-
derived neurotrophic factor), IGF-1 (insulin-like growth factor-1), and GH (growth hormone); 
pro-inflammatory cytokines, such as interleukin (IL)-1β, IL6 and TNF-α (tumor necrosis factor-
alpha), anti-inflammatory cytokines, such as IL-4 and IL-10, and the inflammation marker 
kynurenine; the myokines irisin, cathepsin-B, apelin and adiponectin, the metabolites lactate 
and β-hydroxybutyrate, and other exerkines including osteocalcin, orexin-A, ghrelin and VIP 
(vasoactive intestinal peptide). In general, the circulating levels of these exerkines increased 
following acute and chronic exercise, except of pro-inflammatory cytokines and kynurenine, 
who increased after acute, but decreased after chronic exercise interventions. Commonly 
reported moderators of the effect of physical exercise on exerkine levels in previous studies 
were the type of exercise (resistance exercise, cardiovascular exercise, multimodal exercise, 
mind-body exercises, balance exercises, etc.), the intensity of exercise, the exercise duration 
or the volume of the exercise program, the amount of weight loss associated with the 
intervention and the age, sex, or comorbidities of the included study participants. There was 
a large heterogeneity between moderators across studies and more often than not, these 
moderating factors were not well described in the studies we reviewed.

Chapter 2 described a protocol for a comprehensive living systematic review and meta-
analysis in which we will evaluate the mediating role of myokines (i.e. exerkines derived from 
muscle tissue) on cognitive function in older adults [2]. A list of 1126 putative myokines was 
retrieved from several secretome and transcriptome studies on human skeletal muscle. It is 
likely that not all of the identified secretory products enter the bloodstream and only few of 
them can (in)directly influence neuroplasticity within the brain.



406

Chapter 12

In part II of this dissertation, the relationships between inflammatory (interleukin-6, 
IL-6; kynurenine) and neurotrophic (insulin-like growth factor-1, IGF-1) biomarkers in blood 
serum and neurometabolites associated with neuroinflammation and neurodegeneration 
in older adults were examined. In chapter 3, serum kynurenine was reported to 
correlate with neuroinflammation and neurodegeneration in multiple brain regions [3]. 
Interestingly, kynurenine is a circulating inflammatory marker converted from tryptophan 
by the enzyme indolamine 2,3-dioxygenase, in response to elevated levels of C-reactive 
protein (CRP), IL-1β, IL-6, TNF-α and interferon-γ and it decreases in response to anti-
inflammatory cytokines IL-4 and IL-10 [4][5][6][7]. This suggest that kynurenine could 
serve as a general marker of heightened inflammatory states. Next, chapter 4 further 
explored the role of participant characteristics, such as obesity and sarcopenia on blood 
serum and brain health markers. A hyperbolic relationship between body fat percentage 
and total gray matter volume was found, indicating that normal body fat percentage 
and overweight were associated with larger gray matter volumes than underweight and 
obesity. Furthermore, handgrip strength was negatively associated with kynurenine levels 
and total gray matter volume, and positively associated with neurometabolic markers of 
neural health [8]. This indicates a potential role of handgrip strength and kynurenine as 
surrogates of brain health, while underweight and obesity may be unhealthy conditions 
for the brain [3][8].

In part III of this dissertation, older adults’ blood, brain and cognitive outcomes 
were evaluated before and after resistance exercise or a waiting list control condition. 
Chapter 5 describes the effect of a single bout of Smith machine squat strength training 
with high relative loads (n=19) compared to a control group (n=18) on cognitive function 
(tested with a set of computerized cognitive tests and a postural dual task) [9]. We found 
improved performance on the mathematical processing task, a working memory test, in 
the experimental group but not in the control group. Performance on the postural dual 
task, which consisted of standing one feet behind the other (tandem Romberg stance) on 
a force plate while performing a similar mathematical processing task, however, did not 
improve. We had to reject our hypothesis that improvements in cognitive function would 
coincide with improvements in balance control. Chapter 6 and 7 report the effect of a 
12-week intervention with progressive, moderate to high-intensity, lower limb resistance 
exercises in seventy older adults with intact cognitive function and older adults with high 
risk of mild cognitive impairment (MCI) [10][11]. The older adults with high risk of MCI had 
higher kynurenine levels and lower subiculum volumes compared to cognitively healthy 
adults. Resistance exercise tended to increase IL-6 levels [10][11] and hippocampal total 
N-acetylaspartate levels and tended to prevent further age-related change in gray matter 
volume of the dentate gyrus [10]. Finally, our results showed significant improvements 
on the Go/No-go test, a cognitive inhibition test, following resistance exercise compared 
to the control group, dependent on the cognitive status of the older adults, being most 



407

General discussion

12

apparent in older adults with high risk of MCI. There was a relationship between cognitive 
improvements and exerkine level changes over time. Specifically, IGF-1 level increases 
in the exercise group were associated with improved performance on the mathematical 
processing task and IL-6 level increases were associated with improvements in response 
time on the memory search test in the total group of participants (both working memory 
tests) [11]. Chapter 8 discusses the influence of the COVID-19 pandemic on our neurological 
findings [12]. In this study including three cases with COVID-19, neurometabolic changes 
in the hippocampus, related to neuroinflammation and cortical hypoexcitability, were 
discovered immediately after symptomatic recovery from the infection compared to 
before infection. Interestingly, the two resistance exercise participants showed increases 
in hippocampus volume despite COVID-19.

In part IV of this dissertation, our focus shifted to individuals with spinal cord injury. 
Chapter 9 summarizes the existing evidence for an accelerated age-related cognitive 
decline, probably at least partly caused by a chronic neuroinflammatory response arising 
from the lesion site. An empty systematic review underscored the lack of intervention 
studies evaluating the exercise-cognition relationship in this population [13]. Therefore, 
we conducted a first exercise intervention study with low- or high-intense neuromuscular 
electrical stimulation and discovered that lactate increased significantly after both 
interventions (chapter 10). However, there was no significant increase in IGF-1 and no 
significant improvement in cognitive performance on the information processing speed 
test we used [14]. Interestingly, a longer time since spinal cord injury was associated with 
smaller changes in IGF-1 in the low-intensity group. Higher injury level was associated 
with smaller improvements in information processing speed, suggesting that individuals 
with cervical lesions would respond less to this intervention than individuals with thoracic 
lesions. Notably, large differences in tolerance to the low- or high-intensity stimulation 
were observed among the participants, indicating that ‘same protocol’ may not signify 
‘same intensity’ for these participants due to differences in the remaining muscle mass. 
Therefore, future project should probably use other methods to keep intensity equal 
among participants in this population, for example by using a Borg scale. Overall, 
this study enhanced our understanding of administering this type of intervention to 
individuals with spinal cord injury, as well as the key factors to consider in data analysis. 
Using this information, we finally designed a new intervention study with a chronic (12 
week) intervention using neuromuscular electrical stimulation, as presented in chapter 
11 [15].
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2. Methodological considerations

One of the key methodological strengths of the papers included in this dissertation 
is the comprehensive, multidisciplinary approach used to investigate the mechanisms 
underlying the role of exerkines in the exercise-brain/cognition relationship. In the 
theoretical framework we tested (Figure 1), exerkines cause functional changes in the 
brain, subsequently resulting in structural brain changes and eventually explaining how 
physical exercise can diminish or prevent age-related deteriorations in brain health and 
cognitive function. So far, studies have mainly shown effects of exercise on one of these 
steps, but only few studies examined interrelationships.

A limitation associated with this holistic approach is the problem of p-hacking or 
multiple testing. The large amount of statistical tests increases the probability of false 
positive findings [16]. Therefore, we had to apply a correction using the false discovery rate 
(FDR) or Benjamini-Hochberg adjustment [17]. Another limitation of the original studies 
included in this dissertation was that they took place during the COVID-19 pandemic. It 
has previously been shown that (even mild) COVID-19 may alter brain neurometabolites 
and structure and cause neurological symptoms, which may have influenced our findings 
[12][18][19]. Even though only three participants were diagnosed with COVID-19 while in 
the study, fear for infection may have had impact on the results of some participants, 
and has caused additional dropouts.

Of the multiple methods that were used in this dissertation, the most recurring 
were the use of enzyme-linked immunosorbent assays (ELISA) for the evaluation of 
blood exerkine levels, magnetic resonance imaging (MRI) for the evaluation of (regional 
and total) gray matter volumes, proton magnetic resonance spectroscopy (1H-MRS) for 
the evaluation of neurometabolites and the Montreal Cognitive Assessment (MoCA) and 
Automated Neuropsychological Assessment Metrics, version 4 (ANAM4) computerized 
cognitive test battery. For further methodological considerations related to ELISA, I refer 
to section 12.3.5. Briefly, this method uses antibodies that react to specific antigens and 
this reaction can be quantified. It is a time-consuming and precise work, but is considered 
the golden standard method for the estimation of biomarker levels. It is important that 
the antibodies are specific to the biomarkers tested and do not show cross-reactivity 
with other biomarkers. In the studies included in this dissertation, commercially 
available ELISA kits were used with good characteristics to detect the biomarkers 
needed. Concerning the estimation of gray matter volumes from MRI data, we used the 
FreeSurfer longitudinal pipeline. FreeSurfer is an automated, open-source segmentation 
software, and is therefore ideal for processing large datasets. It is the most popular 
surface-base morphometry package, providing information about cortex volume, cortical 
thickness, cortical surface area and gyrification. In contrast, voxel-based morphometry 
(VBM) analysis is an alternative method to calculate gray matter volume. It is argued that 
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the information provided by surface or voxel-based morphometry is complementary for 
the detection of morphological changes to the cortex, for a review see Goto et al. 2022 
[20]. The main reasons for choosing the FreeSurfer package were the large amount of 
good quality data it provides and the availability of the package and its longitudinal 
pipeline to make pre-post comparisons at our institution. Furthermore, the radiologists 
who performed the data analysis were familiar with this package. The subregional 
gray matter volumes we analyzed, corresponded to the 1H-MRS voxels we placed for 
evaluation of neurometabolites. This way, their interrelationship could be assessed more 
appropriately. The regions of interest were the left hippocampus, left middle temporal 
cortex, right dorsolateral prefrontal cortex, dorsal posterior cingulate cortex and the 
left primary sensorimotor cortex. The temporal cortex, including the hippocampus was 
selected since it is considered the most plastic region, and therefore it could be the 
first region to respond to physical exercise. The prefrontal cortex was measured since 
it is known to be the first to atrophy with aging, together with the hippocampus [21]. 
The dorsal posterior cingulate cortex was found to play a role in attentional focus and 
abnormalities in this region were associated with cognitive aging and Alzheimer’s disease 
[22]. The primary sensorimotor cortex was selected because we used an intervention with 
physical exercise, although we expected this region to remain relatively stable. The MRI 
image acquisitions were done with a 3 Tesla (T) Siemens scanner. This type of scanner 
is now commonly used in hospitals, while more performant scanners of 7T are also 
available in some research centers. These 7T scanners (besides increasing image spatial 
resolution, contrast and signal-to-noise ratios) can measure the neurometabolites with 
more details. For example allowing differentiation between glutamate and glutamine 
instead of only the combined Glx signal. 1H-MRS results are presented as spectra, which 
are then converted to values using a post-processing software for spectral fitting. Again, 
several software options exist, including Tarquin, LCModel, jMRUI-AMARES, jMRUI-QUEST 
and Gannet. Gannet is specifically designed for processing of edited MR spectra and 
jMRUI requires more manual adjustments which makes it suboptimal for use in large 
datasets. Therefore, Tarquin and LCModel were considered the most relevant options 
for our study design. In our first participant study, we compared Tarquin to LCModel and 
found a moderate-to-strong agreement between the results for 4 out of the 5 measured 
neurometabolites (i.e. total creatine, total choline, total N-acetylaspartate and myo-
inositol). Only glutamate-glutamine complex (Glx) levels showed very low agreement 
between the two post-processing tools. Therefore, we advised researchers to consider the 
post-processing tool used when comparing 1H-MRS results across studies, especially for 
Glx [3]. Finally, I would like to discuss the cognitive tests used in our studies. The MoCA 
test is used as a global cognitive screen and applied in our study to stratify participants 
by low or high MoCA score. A cutoff score of 26 was used, as this was previously suggested 
to differentiate older adults with mild cognitive impairment from older adults with 
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maintained cognitive function [23]. Furthermore, the ANAM4 cognitive test battery was 
used in our studies. This is a commonly used computerized neurocognitive assessment 
in students and the military, but it is less frequently used in older adults [24]. However, 
due to its computerized format, the response times measured are very precise and 
the computer presents the tests equally for all participants. Therefore, it is considered 
sensitive to discover small changes. The tests we selected from a library of 28 test options 
who mainly measure attention, processing speed and executive functions. The tests we 
chose included the 2-choice reaction time test, the Go/No-go test, the memory search test 
and a mathematical processing test, respectively measuring processing speed, response 
inhibition (a subdomain of executive functioning), short-term/working memory (a 
subdomain of executive functioning) and working memory with computational skills. The 
selection of these tests was based on the knowledge that the effect size of improvement 
on executive functions was previously reported to be the largest of all cognitive domains 
following cardiovascular type of exercise [25]. A further discussion of future directions 
regarding the methods used in this dissertation is presented in section 12.3.6.

Figure 1. Theoretical frameworks of the aging and exercise-related changes resulting in cognitive 
decline and cognitive improvement, respectively, illustrating their similarities.
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3. Further thematical discussion and future directions

Overall, this dissertation illustrates the complexity of the processes involved in age-
related cognitive decline and of the mechanisms underlying exercise-induced changes 
in cognitive function. The reason for this complexity is caused by the lack of knowledge 
regarding related neurophysiological processes, as well as the heterogeneity of 
participant and exercise characteristics and of methodological choices made in studies 
in this research field. Thus, the publications included in this dissertation are only a 
few of the pieces of a very large puzzle. However, during the process of conducting 
these studies, presenting our findings at international conferences and interacting with 
prominent researchers of this field, I have developed a deeper understanding of the 
topic, its relevance, existing concerns and disagreements, as well as remaining knowledge 
gaps. I have used this section as a way to discuss these themes and tell the principal 
story beyond the content of the papers published by our research group. I will answer six 
questions who are being taught to journalism students as the questions you should be 
able to answer in order to fully convey a topic: who, what, when, where, why and how [26].

This thematical discussion will include in this order:
1) WHAT: The magnitude of the exercise effect on cognitive function. Significant results 

do not always mean strong effects. What are the sizes of these effects and what is 
the clinical relevance of these findings?

2) WHY: Proposed mechanisms of exercise-induced cognitive changes. This why question 
was an important part of this dissertation. The role of exerkines may explain partly 
why we see a change in cognitive performance following physical exercise. However, 
other mechanisms may also play a role. Here, I provided an overview of the most 
commonly reported potential mechanisms for the exercise-cognition relationship.

3) WHO: Individualization of exercise prescriptions for combatting age-related cognitive 
decline. Individuals with risk factors for age-related cognitive decline may have 
increased benefit of physical exercise programs designed to prevent or delay this 
decline. However, it remains unclear if there exists a one size fits all program or 
the optimal exercise prescription depends on personal characteristics. Here, I 
differentiate between cardiovascular and resistance exercise effects from the 
exerkine perspective and suggest specific targets.

4) WHEN: The exercise-cognition relationship throughout life. This dissertation included 
mainly studies in older adults. However, physical exercise may exert a greater protective 
effect if already started earlier in life. In order to give a more holistic picture of the role 
of physical exercise throughout life, I briefly discuss the existing evidence from studies in 
children, young adults and middle aged adults and describe the need for more studies 
evaluating methods to enhance intrinsic capacity and resilience in middle-aged and 
older adults.
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5) HOW: Blood sampling and methodological considerations when examining exerkine 
levels. How to correctly measure exerkine levels does not seem as easy as it sounds. 
It feels required to address some issues related to measuring exerkines in this 
dissertation. Here, I will describe some influencing factors that may bias the results 
of exerkine studies.

6) WHERE: Future possibilities for research on the role of exerkines in the exercise-
cognition relationship. This paragraph will discuss where the field is heading towards 
and the more futuristic applications of exerkine research.

3.1 WHAT? The magnitude of the exercise effect on cognitive function
In the last decade, the number of publications showing evidence for a beneficial effect of 
acute (i.e. a single bout) or chronic (i.e. multiple bouts over time) exercise on cognition 
has exploded, but it remains a topic of debate. In 2018, a study reported that only 
76.1% of scientists who published manuscripts related to the effects of physical activity 
on cognitive performance endorsed the statement that physical activity has positive 
effects on cognition in humans [27]. By now, several meta-analyses have confirmed both 
acute and chronic exercise effects in humans [28][29][30][31], so that the World Health 
Organization now recommends regular physical exercise as a means to maintain a healthy 
cognitive state across the lifespan [32]. Specifically, physical exercise has been reported 
to cause improvements in executive functions [33], cognitive inhibition [34], cognitive 
flexibility [35], information processing speed [36], memory [37], and visuospatial ability 
[38]. Recently, an umbrella review summarized the findings of existing meta-analyses on 
the effect of chronic exercise on cognition in healthy adults across the life span. They 
also performed a meta-analysis on the primary randomized-controlled trials included 
in the revised meta-analyses and found small effect sizes (Cohen’s d = 0.22 to 0.36). 
The largest effect sizes were found for changes in executive functions, but also in other 
cognitive domains such as memory and attention. However, the authors of this umbrella 
review state that many of the previous meta-analyses did not sufficiently account for 
key moderators and publication bias, and the exercise-related benefits on cognition 
become negligible and the evidence at best inconclusive after correcting for these factors 
[28]. The methodological choices that were made in this umbrella review have been 
criticized. For instance, because they included only studies with healthy populations and 
excluded studies with mind-body exercise programs and for the lack of consideration of 
key moderators [39]. Interestingly, another umbrella review specific to older adults aged 
55 and above, on both acute and chronic exercise studies, found an overall significant 
small positive effects of chronic exercise on all cognitive domains compiled (Cohen’s d 
= 0.24; SE = 0.04; mind-body exercise such as tai chi, yoga, pilates or qi gong Cohen’s d = 
0.48, resistance exercise Cohen’s d = 0.24, cardiovascular exercise Cohen’s d = 0.17) but no 
significant effect of acute exercise interventions. The effect of all exercise interventions 
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compiled was the largest for changes in global cognition (Cohen’s d = 0.43; SE = 0.11), 
followed by executive functions (Cohen’s d = 0.26), processing speed (Cohen’s d = 0.21), 
memory (Cohen’s d = 0.20) and attention (Cohen’s d = 0.20) [40]. Finally, an umbrella 
review specifically evaluating the effect of physical exercise on adults with mild cognitive 
impairment found the largest effects for resistance exercise training, but with low certainty 
of evidence based on four randomized-controlled trials (Cohen’s d = 0.80; 95% CI 0.29-
1.31) [41]. Of note, no umbrella reviews exist related to the effects of physical exercise on 
exerkines or brain outcomes.

A common conclusion of meta-analyses is that the effect of exercise on cognition 
(but also on other outcomes) depends on several moderators, including characteristics 
of the population, exercise protocol, and cognitive tests or subdomains, so that research 
should further examine if specific exercise interventions may be valuable to specific 
populations with specific aims (see also the section about the WHO question). However, 
studies comparing different age cohorts, cognitive outcomes, exercise modes (aerobic, 
resistance, balance, exergames, coordination, etc.) or exercise doses (intensities, durations 
or number of sessions per week) have often not been able to find significant differences 
(e.g. Borde et al., 2015; Levin et al., 2017; Netz, 2019; Gallardo-Gómez et al., 2022; Ciria et 
al., 2023). Notably, the extent of the involvement of specific moderators to the exercise-
cognition effect may be affected by other moderators, causing it almost impossible to 
predict the individual effect of a specific intervention. Advanced or new techniques, such 
as artificial intelligence based on big databases may be needed to further increase our 
understanding [46]. Moreover, time-dependent variation in cognitive test results could 
be controlled for by using highly repeated measurements of the main outcome, such 
as used in single-case experimental designs [15]. This can also increase our knowledge 
on (moderators that influence) the duration of an intervention needed before an effect 
can be expected. Additionally, this type of design can learn us more about moderators 
in specific populations.

Furthermore, I would like to come back to the finding from umbrella reviews that the 
effect of exercise interventions in improving cognitive function is in general considered to 
be modest [28][40] and ask to reflect if small effects are not in line with what we expected? 
It is common knowledge that physical exercise has mental and physical health benefits and 
aids to prevent age-related co-morbidities of various kinds. It is great to find positive effects 
of short-term exercise interventions on cognitive performance, and at least exciting to find 
transient effects already after a single exercise bout. However, while exercise intervention 
studies offer insight in the underlying mechanisms, maybe it is only logical that the real 
change in age-related (cognitive) decline can only be expected after years, or a lifetime 
of, healthy life choices/behavior. The findings from our research group also suggests that 
resistance exercise has small beneficial effects and prevents or diminishes age-related 
neurodegeneration and cognitive decline rather than restoring these functions [11][10]. This 
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is in line with a previous meta-analysis which indicated that exercise interventions with a 
duration of 6 months or more stopped or diminished hippocampal volume loss compared to 
the control group [47]. Moreover, literature has shown that multimodal strategies, combining 
exercise, diet, cognitive training and social engagement have larger effects than individual 
behavioral interventions [48]. See Zhang et al. 2022 for an umbrella review on modifiable risk 
factors for incident dementia [49]. Hence, there has been critique that exercise-cognition 
intervention studies are merely explorative in nature and lack a consensus on a theoretical 
framework leading to heterogeneity and lack of progress towards the development of 
(individualized) treatment programs [28]. I will elaborate on the theoretical frameworks in 
the section about the WHY question. Here, I would like to add that several meta-analyses 
have indeed confirmed and encouraged physical activity as a ‘lifelong approach’ to reduce 
the incidence of mild cognitive impairment and dementia [50][51][52][53]. Especially the 
continuation of regular physical activity throughout the life span into mid and late adulthood 
decreased the odds of cognitive decline at older age and both maintaining regular physical 
activity into late adulthood and starting new habits of physical activity during mid or late 
adulthood strongly decreased these odds. Hence, physical exercise at any age has protective 
effects, and for non-exercisers, it is never too late to start [54]. A second critique, related 
to the size of physical exercise benefits on the effect on cognitive tests, is that (changes in 
performance on) these tests not always reflect a clinical meaningfulness for the individual. 
Next to the abovementioned finding that physical activity diminishes the odds to develop 
mild cognitive impairment and dementia, which is definitely clinically meaningful, another 
outcome marker that could be more clinically meaningful and be applied in intervention 
studies is a measurement of subjective cognitive complaints. Examples of such complaints are 
forgetting why you went from one part of the house to the other, failing to remember people’s 
names, to notice signposts on the road or forgetting if you turned off a light or locked the 
door [55]. It was shown that neither self-reported nor informant-reported subjective cognitive 
complaint scores related to neuropsychological test results in cognitively unimpaired and 
mild cognitive impaired participants and only informants’ subjective cognitive complaints 
scores correlated with neuropsychological test results in for individuals with dementia [56]. 
Interestingly, a study showed that low physical activity levels are associated with more severe 
subjective cognitive complaints in adults aged above 18 years old [57], but an intervention 
study did not report significant effects on subjective cognitive complaints measured with the 
cognitive failures questionnaire [58]. We advise researchers to include subjective cognitive 
complaints questionnaires in future studies [15].

3.2 WHY? Proposed mechanisms of exercise-induced cognitive changes
Several mechanisms have been hypothesized as possible explanations for the exercise-
cognition link, including the exerkine hypothesis who was the theoretical framework 
that was explored in this dissertation. A point of critique is the lack of consensus on a 
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theoretical framework for these effects [28]. In agreement with this critique, it remains 
unclear if all of these different mechanisms contribute to the effect of exercise at the 
same time or to what extent each of the suggested mechanisms plays a role. However, 
it is likely that several of these mechanisms occur synergistically. A non-exhaustive list 
including the most commonly cited hypotheses is described below:

a) The effort hypothesis: According to this hypothesis, there is a bidirectional 
relationship between effortful control and the regular practice of effortful exercise 
[59]. On the one hand, the ability to plan and remember your next physical training, 
to maintain and update in-program or in-session training goals and to inhibit the 
temptation to stop when the feeling of discomfort or fatigue is rising, two tasks 
requiring strong executive functioning, benefit the adherence to effortful exercise. 
On the other hand, chronic physical exercise enhances concentration and willpower, 
improving executive functions and effortful control. During effortful physical exercise, 
the central executive brain network, also described as the frontoparietal network, is 
activated similarly as during cognitive tasks requiring executive functions [59][60]. 
The salience network, also known as the cingulo-opercular network, is involved in 
switching between the default mode network (activated in a task-negative activity 
profile) and the central executive network when effortful exercise is initiated and 
each time an individual is distracted or disengages his or her attention from the 
task. Activating the central executive and salience network during effortful exercise is 
thought to benefit the connectivity between and within these networks and enhance 
the efficiency of executive functions [59].

b) The cerebrovascular or cardiovascular hypothesis : This hypothesis suggests that 
the increase in cerebral perfusion and regional cerebral blood flow seen following 
physical exercise enhances the transportation of oxygen and nutrients to the brain. 
This is considered to cause improved efficiency of neural networks underlying 
cognitive functions [61]. Between the age of 30 and 70, cerebral blood flow reduces 
28-50%, which was found to predict cognitive decline [62][63]. Acute physical exercise 
is associated with blood vessel dilatation by the release of nitric oxide (NO) [64]. 
Chronic exercise can improve the bioavailability of NO which is linked to decreased 
blood vessel stiffness and improved arterial compliance [65][66]. Chronic exercise 
also enhances cerebrovascular status by stimulating the formation of new blood 
vessels. This process is called angiogenesis, mediated in part by the release of 
vascular endothelial growth factor (VEGF) [67][68]. Moreover, endothelial cell 
apoptosis is diminished by physical exercise’s beneficial effect on endothelial cell 
telomere-stabilizing proteins [69]. Finally, chronic exercise improves cerebrovascular 
health by its preventative effect on the formation of atheromatous plaques and by 
reducing high blood pressure [64].
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c) The catecholamine hypothesis: During and already immediately before exercise, the 
brainstem and hypothalamus activate the sympathoadrenal system, resulting in the 
release of the catecholamine dopamine, which can be converted into noradrenaline, 
or lead to the release of adrenaline from the adrenal gland [70]. Furthermore, 
catecholamine levels are augmented by the effect of exercise-induced, but not stress-
induced, cortisol [71]. The catecholamine hypothesis states that following acute exercise, 
these catecholamines would enhance arousal and thereby transiently increase mental 
focus during cognitive tasks [72]. However, during vigorous acute exercise, the beneficial 
effect on cognition may be dampened by a feeling of fatigue, depending on a person’s 
motivation, perception of effort and perceived availability of resources. This is further 
explained in the interoception model presented by McMorris 2021 [73]. It should be 
noted that there is at present insufficient evidence to support a mechanistic role of 
catecholamines in the beneficial effects on cognition induced by chronic exercise [70].

d) The stress-adaptation hypothesis: Chronic stress contributes to the development of 
cognitive decline and Alzheimer’s dementia, and glucocorticoid stress hormones were 
shown to induce neuronal injury, affecting the structure and function of specific brain 
regions and networks, especially of the hippocampus [74]. While physical exercise 
is an acute stressor, regular participation in exercise was found to decrease diurnal 
levels of the glucocorticoid stress hormone cortisol [75] and improve stress reactivity, 
leading to a better homeostatic stability through stressful events. Thereby inducing 
a preventative effect against glucocorticoid stress hormone induced neuronal injury 
and cognitive decline [76].

e) The cognitive engagement hypothesis or “use it or lose it” hypothesis: Many types of 
physical exercise require cognitive effort, such as controlling behavior, paying attention, 
planning, problem solving or learning to master certain skills, which is considered a form 
of cognitive training [77]. Participation in physical exercise (with cognitive components) 
often activates similar networks as needed for cognitive demanding tasks (see also 
the effort hypothesis for the case of executive functions). The regular use of these 
neurons and neuronal networks is thought to improve their efficiency [78]. Interestingly, 
it is reported that simultaneous physical and cognitive training have a synergistic 
effect. Indeed, a network meta-analysis reported that the effect of physical exercise in 
combination with cognitive training was more effective in enhancing cognitive function 
in older adults than physical exercise or cognitive training alone [79].

f) The social enrichment hypothesis or intellectual engagement hypothesis: Animal 
research has shown that an enriched environment, which provides a combination 
of social, cognitive and physical stimulation, improves brain health and cognition 
[80]. Also in human studies, a more complex environment, with diverse social and 
physical stimuli was related to enhanced cognitive development across the lifespan 
[81]. According to this hypothesis, engagement in a larger variety of activities that 
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are novel or multimodal (e.g., combined mental and physical stimulation, see also 
the cognitive engagement hypothesis) would have the largest impact on preventing 
age-related cognitive decline. A specific addition of this hypothesis is that also social 
interaction (e.g. group training) may play a role in the beneficial effect of physical 
exercise intervention on cognitive functioning [81][82].

g) The exerkine hypothesis (It includes the myokine hypothesis and is a combination 
of the neurotrophic hypothesis and the inflammatory hypothesis): according to 
this hypothesis, a beneficial effect on cognition and brain health is induced by 
the neuroplastic effect of neurotrophic and anti-inflammatory endocrine factors 
released from muscle tissue (a.k.a. myokines) during muscle contractions [83], 
or from other bodily tissues such as the liver (i.e. hepatokines), fat tissue (i.e. 
adipokines), bone (i.e. osteokines) or the nervous system (i.e. neurokines), generally 
referred to as ‘exerkines’ [1]. The exerkines are thought to create a more optimal 
neural environment for neuroplastic processes to take place [1].

In my opinion, all of these hypotheses have a plausible theoretical background, but there 
are some differences between them. While the catecholamine hypothesis is limited to 
acute exercise effects, most other hypotheses are related to effects that can only be 
expected after chronic exercise interventions. The cardiovascular and exerkine hypotheses 
may be the exceptions that can both induce transient acute and longer lasting chronic 
effects [61][1]. Interestingly, there is some evidence that the accumulation of acute effects 
could result in the chronic effects on cognitive performance seen following exercise 
[84]. Concerning the role of exerkines, we reviewed that acute effects can arise from a 
temporary enhanced responsiveness to neuroplastic processes due to functional changes, 
while chronic effects reflect structural changes within the central nervous system [1]. The 
impact of these different frameworks could be explored further by designing protocols 
where one group cannot experience an effect of a single mechanism while another 
group can. Additionally, researchers tend to continue adding more evidence to their own 
hypotheses, while an effort should be made to gain a more holistic view on the field. This 
may be achieved by designing studies that assess multiple frameworks at the same time 
and evaluate their interrelationship from a biopsychosocial perspective. To the best of 
my knowledge, no such analyses exist.

3.3 WHO? Individualization of exercise prescriptions for combatting age-related cognitive 
decline
The exercise-cognition research field is advancing towards an individualization of the 
exercise prescription in order to improve the effectiveness of the intervention. A next step 
in this kind of precision might be attained by linking conditions associated with cognitive 
decline and neurodegeneration with a preferrable exercise mode i.e. cardiovascular or 
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resistance training. Based on newly gained insights from our research studies including 
the review papers presented in this dissertation, a model for individualized exercise 
training from the viewpoint of the exerkine hypothesis can be proposed (Figure 2). In 
this model, specific chronic conditions who are associated with disturbances in baseline 
exerkine levels, and a preferred exercise type (i.e. either cardiovascular or resistance 
exercise) to restore the disturbances in exerkine levels are presented. The discussion 
is limited to exerkines included in our 2022 narrative review paper [1]. The indication of 
a preferred exercise type does not mean that the other exercise mode is insufficient. 
Notably, combined exercise approaches, biopsychosocial influences and combinations 
of influential moderators were not considered in the current model. All of the cognitive 
impairment-associated conditions in the model generally occur during normal aging. 
Hence, to target aging in general, a combined exercise approach, including social 
enrichment, might be advised, as described in the previous section and suggested by 
other studies [43]. First, cognitive decline was linked with an age-related decrease in 
growth factors, with brain-derived neurotrophic factor (BDNF) as the cornerstone [85]
[86]. At this point, some authors suggest that myokines, which include growth factors 
and BDNF-stimulating factors could be better stimulated by resistance exercise than by 
cardiovascular exercise [87][88][89][90][91][92]. The only other factor depicted in Figure 
2 that is not a myokine but also involved in BDNF signaling pathways, is osteocalcin, 
which is secreted by osteoblasts. However, osteocalcin was also found to increase more 
after chronic resistance exercise than following cardiovascular exercise [93]. Second, an 
aging-associated evolution toward a more pro-inflammatory state was found to damage 
neurons and impair neurotrophic factor signaling [94][95][96][13]. So far, there are only 
some studies showing a decrease of inflammatory markers following resistance exercise 
[97]. In our own intervention study, IL-6 levels even tended to increase following resistance 
exercise [10]. In contrast, the beneficial effect of cardiovascular exercise against chronic 
inflammation was found in a growing array of research [98]. A meta-analysis showed 
that all modes of exercise training had small to moderate positive effects on markers of 
inflammation in older adults with or without chronic diseases. Subgroup analysis showed 
that TNF-α levels were significantly diminished by cardiovascular exercise training, while 
CRP decreased significantly both by cardiovascular and resistance training [99]. One 
condition associated with systemic inflammation is obesity. Adipose tissue is considered 
largely contributing to systemic inflammation [100][101] and obesity is linked to cognitive 
decline [102][103]. Adding to the existing evidence, we also discovered that obesity was 
associated with decreased levels of N-acetylaspartate/Creatine, a biochemical marker 
of neural health, in the sensorimotor and dorsolateral prefrontal cortex in older adults 
[8]. A meta-analysis showed a benefit of cardiovascular exercise compared to resistance 
exercise training to reduce inflammation levels in overweight and obese populations 
[104]. While it seems from current meta-analytic evidence that cardiovascular exercise is 
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also better at inducing fat loss than resistance exercise [105][106], the number of studies 
on the effect of resistance exercise on fat loss are increasing and some studies suggest 
a benefit in resistance exercise given it does not have the same problem of fat regain as 
with cardiovascular exercise when exercise training is stopped [107]. Another population 
where chronic inflammation is hypothesized to cause cognitive aging is in individuals with 
central nervous system injury, such as spinal cord injury, traumatic brain injury and stroke 
[13][108][109]. I could not find any RCTs or review papers evaluating the effect of resistance 
exercise training compared to control or cardiovascular exercise on inflammation in any 
of these populations. Next, many authors have linked cognitive deficit with sarcopenia 
[110][111]. The exact mechanism for sarcopenia-associated cognitive impairment is not 
well elucidated. A recent review suggested that the decreased release of myokines in 
sarcopenia might be the missing link [111]. We discovered that handgrip strength in older 
adults was positively related to N-acetylaspartate/Creatine levels in the dorsal posterior 
cingulate and dorsolateral prefrontal cortex [8]. To combat sarcopenia, resistance exercise 
is generally advised. Moreover, evidence has shown that acute resistance exercise 
might induce greater increases of GH [112] and IGF-1 [88][89] and chronic resistance 
exercise causes higher levels of IGF-1 [90] and osteocalcin [93]. Finally, other risk factors 
of cardiovascular disease, such as hypercholesterolemia, hypertension, diabetes and 
smoking were associated with cognitive decline [113][114][115] and structural brain 
alterations [116]. Here, exercise might also benefit the brain by improving cardiovascular 
health, metabolic regulation, aerobic capacity, mood and sleep, which were not reviewed 
in this dissertation, but well-explained by others [117]. In addition, in individuals with 
cardiovascular disease, cognitive deficit was suggested to result from impaired cerebral 
blood flow, which could be improved by regular cardiovascular exercise [118]. However, 
muscle mass and regular resistance training are also related to cardiovascular health, 
dyslipidemia, and glycemic control [97][119]. Part of this effect is mediated through the 
resistance exercise-associated release of myokines that affect metabolic regulation and 
systemic inflammation, as reviewed by Fiuza-Luces et al. (2018) [119]. Some additional 
examples of cardiovascular health-associated blood products that are altered by exercise 
are levels of cholesterol, triglycerides, antioxidants and reactive oxygen species [120]
[117]. To researchers in the field, we put forward the idea of considering this model when 
designing the optimal exercise protocol for investigating certain exerkines. An assessment 
of age, baseline levels of BDNF, inflammatory markers, fat percentage or handgrip strength 
might be used to create subgroups that could benefit from different exercise modes. This 
could provide new insight in the individualization of exercise training with the ultimate 
goal of improving cognitive function.
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Figure 2. Preliminary model for individualized exercise training

3.4 WHEN? The exercise-cognition relationship throughout life.
Exercise interventions have shown beneficial effects on cognitive function across the 
lifespan. Most evidence exists for children aged between 6 and 13 years of age and older 
adults aged over 50 years old [121]. However, meta-analyses have also shown that acute 
and chronic exercise interventions also enhance academic performance in adolescents 
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and young adults [122] and chronic exercise was reported to benefit cognitive performance 
in young and middle-aged adults [123]. Additionally, some studies reported also acute 
exercise effects on cognition in middle-aged adults [124][125]. Hence, there seems to be 
a consistent exercise-cognition relationship across the lifespan and across populations, 
which illustrates the robustness of the effect [121].

Given the continuously increasing amount of older adults with declined self-reliance, 
and the decreasing health care resources to help these patients and their families, with 
cognitive decline being the most rapidly increasing cause of disability, showing also the 
second largest increment for causes of death [126], the World Health Organization (WHO) 
has developed an Integrated Care for Older People (ICOPE) program [127]. Stating that 
“health care that addresses the multidimensional demands of older age in an integrated 
way is more effective than services that merely react to specific diseases”, they aim to 
move the clinical field towards prevention. Cognitive function, together with psychological 
function, locomotion, sensory function and vitality form the five most commonly cited 
pillars of older adults’ intrinsic capacity [128], defined as the “composite of all of the 
physical and mental capacities that an individual can draw on” [127]. From this perspective, 
it is relevant to study enhancing cognitive ability before the development of deficits. An 
interesting approach is to study a person’s resilience, defined as “a characteristic at a 
whole-person level which determines an individual’s ability to resist functional decline 
or recover physical health following a stressor. It not only requires having sufficient 
physiological reserves, but also draws on resources from the person’s social environment, 
their mindset, and ability to manifest adaptive behavior, as well as support resources 
provided through care or interventions.”

Therefore, not only the evaluation of exercise-induced cognitive performance 
increases in middle-aged adults, but also the effect of this intervention on the 
enhancement of resilience and the prevention of cognitive decline in late adulthood 
is of major importance. Interestingly, it has been proposed that the implementation of 
physical exercise in midlife could exert clinically meaningful protective effects against 
age-related cognitive decline [129]. It is hypothesized that middle-aged individuals 
can build cognitive and brain reserve, increasing their resilience against age-related 
neurodegenerative processes in late adulthood [130]. As discussed above (see section 
related to the WHAT question), supportive findings exist in literature, indicating that both 
continued and new habits of physical activity in mid and late adulthood diminish the odds 
of cognitive deficits at older age [54]. There is a need for more studies directed towards 
the evaluation of physical exercise effects on intrinsic capacity domains and resilience in 
order to guide public health initiatives in developing healthy aging programs.
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3.5 HOW? Blood sampling and methodological considerations when examining exerkine 
levels
Over the last years, there has been growing evidence that numerous methodological 
decisions can influence exerkine levels. Knowledge about these influencing factors is 
of critical importance when designing a research protocol. We advise that potential 
influencers should be kept as equal as possible between pre- and post-intervention 
measurements and between groups. It is generally a good research practice to strive 
for “cateris paribus”, meaning that except for the intervention, all other things should 
be equal between groups. During the course of this PhD we have searched for a way to 
reduce variability in exerkine level results. Especially for BDNF, we measured very large 
standard deviations at baseline in our study with older adults (results not published). 
Subsequently, we piloted measuring in plasma instead of serum, we spoke others at 
conferences who indicated similar problems and searched the literature for a solution. 
This is what we learned:

A first indicator of quality of the measurement is the lower detection limit of the 
ELISA kit that is being used to assess the levels of the exerkine. If this detection limit is 
not appropriate, it may happen that a large amount of sample values are unmeasurable. 
If only a few values are missing, it is advised to impute the value that corresponds to 
half the detection limit. However, when more than 10% of the observations are below 
the detection limit, more advanced techniques, such as multiple imputation, maximum 
likelihood estimations or regression models are needed, especially if one decides to 
use parametric analysis methods [131]. If more than 20% of the observations are below 
the detection limit, one should seriously consider if the data can be used for analysis. 
To prevent these situations from happening, researchers should carefully review the 
literature to estimate the expected detection limit needed for the exerkine they intend 
to measure.

However, some exerkines are largely influenced by endogenous or exogenous factors 
as well as methodological choices, so that their levels may vary largely between studies. 
For example, a study showed that plasma BDNF levels are influenced by the menstrual 
cycle in women, with plasma BDNF levels increasing from early follicular phase to a 
pre-ovulatory peak (day 14) and showing a second rise during mid-luteal phase to peak 
at around day 24. BDNF levels correlated positively with estradiol and progesterone 
levels and postmenopausal women had significantly lower BDNF levels than their 
fertile counterparts. Interestingly, hormone replacement therapy restored BDNF levels 
of postmenopausal women to the early follicular phase levels of fertile women [132]. 
Fertile women taking oral contraceptive therapy also had plasma BDNF levels similar to 
follicular levels. Plasma BDNF levels showed a peak around 8am followed by a constant 
decrease throughout the day in the follicular phase of fertile women and in women 
undergoing oral contraceptive therapy [133]. Two other studies described a similar diurnal 
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variation in plasma BDNF levels in men. There were no diurnal variations in serum BDNF 
levels and in women, in either the follicular or luteal phases of the menstrual cycle [134]
[135]. Serum BDNF levels were also reported to show seasonal variation, with higher 
concentrations in the spring-summer period. The analysis was done in individuals with 
depression and showed a significant correlation between BDNF serum concentrations 
and the number of sunshine hours in the week of blood collection and the 10 weeks prior 
to the blood collection [136]. Furthermore, several genetic determinants may influence 
the individual variation in circulating BDNF levels [137]. Most commonly reported is the 
Val66Met polymorphism, where a substitution of one or two Val alleles with a Met allele 
was shown to decrease exercise-dependent BDNF expression in the hippocampus in mice 
[138] and decrease exercise-dependent improvements in cognition in older adults [139].

BDNF levels were also reported to be influenced by how the samples were handled 
before analysis as shown by Gejl et al. 2019 [140]. Significant differences were observed 
between serum, plasma or platelet poor plasma levels of BDNF, with serum levels being 
larger than plasma levels and plasma levels being larger than platelet poor plasma 
levels. This caused 34% of the observations from platelet poor plasma falling below the 
lower limit of detection of the ELISA kit in this study. The serum levels did not correlate 
to plasma or platelet poor plasma levels. Furthermore, large differences were found 
between serum BDNF levels measured after 30 minutes or 60 minutes clotting time. The 
longer delay between sample collection and centrifugation corresponded to about a 33% 
increase in measured BDNF levels. Further extending clotting time did not change BDNF 
level measurements compared to the 60 minutes interval and the same differences were 
not reported for plasma or platelet poor plasma [140]. Another study compared similar 
conditions for IL-6 [141]. Gong et al. 2019 reported a good correlation between plasma 
and serum IL-6 levels, with higher values in plasma than in serum. When samples were 
stored in 4°C both plasma and serum levels remained constant. However, serum levels 
increased significantly with storage time when samples were stored at room temperature 
or at 37°C, both in samples stored in these conditions before centrifugation (4.53 and 
20.45 times increase after 24h respectively) and after centrifugation (3.28 and 9.55 times 
increase after 24h respectively) [141].

Another very popular myokine in literature that requires to be discussed here is 
irisin, described in 2012 as a cleaved and secreted part of the transmembrane protein 
fibronectin type III domain containing 5 (FNDC5) [142]. In PubMed, over 2000 articles 
have been published mentioning irisin in their title or abstract. This myokine has been 
suggested to regulate several metabolic and cognitive health benefits of physical exercise 
[143][144]. However, in 2014 the existence of irisin was questioned due to heterogeneity 
and discrepancy of results from commercially available ELISA kits [145]. Albrecht et al. 
2015 revealed prominent cross-reactivity of the polyclonal antibodies used in ELISA kits 
with non-specific proteins in human and animal serum samples, questioning if it is really 
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irisin researchers had been measuring and if irisin really exists [146]. Furthermore, almost 
a complete lack of agreement was found between newer irisin ELISA kits claiming to be 
validated against western-blot analysis and mass spectrometry and older kits [147]. Today, 
to our knowledge, there is still advise against the use of ELISA kits for the detection of 
irisin in humans, with Albrecht et al. stating in 2020 that available antibodies still bind to 
unspecific serum proteins. They argue that irisin can be found with mass spectroscopy, 
but as the multi-step sample preparation required for mass spectroscopy introduces 
uncontrollable variations, irisin can still not reliably be quantified with presently available 
methods [148]. This discussion around irisin arised from its popularity, but imposes the 
question if the same issues do not also affect other, less commonly used or newer 
exerkines.

3.6 WHERE? Future possibilities for research on the role of exerkines in the exercise-
cognition relationship.
As mentioned above in the methodological considerations section, one of the unique 
features of the research included in this dissertation is the amount of outcomes we 
evaluated, and the exploration of relationships between these outcomes. This approach 
has the advantage of offering a more holistic view on existing mechanisms and theoretical 
frameworks. Especially 1H-MRS has only infrequently been used in previous research. 
Before us, only Lind et al. 2021 had published evidence for an association between 
exercise-induced changes in inflammatory markers and neurometabolites [149]. More 
similar research is needed to confirm this concept. Additionally, technical advancements 
and artificial intelligence will increase the possibilities to gain a holistic understanding 
of the mechanisms underlying the exercise-cognition relationship. For example, while we 
were able to measure subregional volumes in the whole brain using MRI, 1H-MRS is a voxel-
based technique requiring long scanning times and limiting the number of brain regions 
that can be explored at one time. It still has a lower resolution than MRI data. Recently, 
whole brain 1H-MRS, resolution upscaling algorithms and automatic spectral quality 
checks are being used to improve the feasibility of this method for clinical purposes, 
such as for the detection of 2-hydroxyglutarate, a metabolite that is abundantly produced 
in brain tumors (gliomas) with a IDH1 mutation [150]. These techniques need further 
validation for detection of other metabolites and in other populations. Furthermore, 
we measured single blood biomarkers using ELISA, while there may exist thousands of 
exerkines [2]. With multiplex technology, dozens of blood biomarkers can be measured 
simultaneously from small volume of samples. It has advantages in terms of efficient use 
of resources, costs, and time, but the development of specific and sensitive multiplex 
immunoassays with improved reproducibility, and limited cross-reactivity and analytical 
variability can be challenging and relatively few multiplex immunoassays have been 
validated. Therefore, for now, singleplex ELISA remains the golden standard [151][152]. 
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In sum, the abovementioned technical possibilities will certainly aid to enhance our 
understanding of the complex interplay of existing mechanisms behind the exercise-
cognition relationship. Yet, these explorative findings should always be corrected for 
multiple testing and confirmation of the discovered relationships will need further 
confirmation in hypothesis-driven research in large study samples.

Another future direction that exerkine research is heading towards is the 
development of the exercise pill. Given the well-known benefit of exercise in prevention 
and treatment of up to 26 diseases such as cognitive impairment, but also for example 
obesity, type 2 diabetes mellitus and even cancer, in 2021, Gubert and Hannan proposed 
to develop ‘exercise pills’, pharmacological drugs containing so-called ‘Exercise Mimetics’ 
to mimic the health benefits of physical exercise [153][154]. Exercise Mimetics research is 
growing gradually in recent years. For example, Findeisen et al. 2019 described how the 
beneficial characteristics of interleukin-6 (IL-6) and ciliary neurotrophic factor (CNTF) 
on metabolic homeostasis were merged to design the gp130 ligand IC7Fc for treatment 
of type 2 diabetes. In mice, IC7Fc improved glucose tolerance and hyperglycemia, and 
prevented weight gain, loss of skeletal muscle mass and liver steatosis [155]. Furthermore, 
based on the knowledge of exercise-dependent increases in IL15Rα+ CD8 T cells, and the 
tumor-protective effects of physical exercise mediated by mobilization of immune cells, 
the IL-15 super-agonist, NIZ985, was trialed as a potential treatment against pancreatic 
tumors in mice. It was discovered that NIZ985 attenuated tumor growth and prolonged 
survival. Moreover, immune checkpoint blockade (ICB) therapy, showing responses only 
rarely in pancreatic tumor patients, led to an effective reduction in tumor growth when 
combined with exercise, NIZ985 treatment or both, while there was no effect on tumor 
size of ICB therapy alone [156]. Despite very promising advances in the use of exercise 
mimetics in pharmacological drugs, none of the exercise pills have yet attained market 
approval [154]. Furthermore, it is important to recognize that exercise pills are limited 
to replicating specific biological or physiological processes, whereas physical exercise 
offers broader health benefits, likely stemming not only from biological factors but also 
from psychological and social aspects associated with exercise. Anyway, to advance this 
emerging field, it is crucial to further investigate the unique roles of exerkines. For a 
review on this topic, I refer to Zhu et al. 2024 [154].

4. General conclusion and recommendations

The primary aim of this dissertation was to gain understanding concerning the mechanisms 
underlying the beneficial effects of resistance exercise on brain health and cognitive 
function in older adults, with specific focus on the role of exerkines as mediators of these 
effects. Secondarily, we examined the effects of neuromuscular electrical stimulation on 
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cognitive function in individuals with spinal cord injury, focusing again on the role of 
exerkines. While it is important to acknowledge the vastness of this research field and 
the complexity of the neurophysiological processes involved, I can affirm that this effort 
has undoubtedly expanded our knowledge in several key areas.

Specifically, we described the molecular pathways activated by 16 principal exerkines 
which were found to regulate neuroplasticity, providing a neurobiological basis for the 
mechanisms [1]. Additionally, we retrieved 1126 putative myokines, most with unknown 
effects, underscoring the extent of the remaining knowledge gap [2]. A notable exerkine 
in our further analysis was kynurenine. This exerkine marks a state of high inflammation 
and was found to correlate with neuroinflammation and neurodegeneration in multiple 
brain regions [3]. In the second and third part of this dissertation, kynurenine levels 
were found to be higher in older adults with high MCI risk compared to older adults 
with low MCI risk after adjusting for age [11]. Moreover, kynurenine levels were elevated 
in older adults with lower handgrip strength after adjusting for age, sex and body fat 
percentage [8]. Interestingly, lower handgrip strength was also associated with total brain 
volume loss and diminished levels of a marker of neural density (N-acetylaspartate) in 
the dorsal posterior cingulate cortex and right dorsolateral prefrontal cortex [8]. Finally, 
underweight and obesity were also associated with total brain volume loss [8]. This 
suggests that kynurenine, handgrip strength and body fat percentage are markers of brain 
health and potential targets for (monitoring the effect of) intervention studies. Indeed, 
in the third part of this dissertation, I showed that an intervention with high-intensity, 
lower limb resistance exercises can boost up executive functioning. This can be seen by 
an increased performance on a mathematical processing task following acute exercise 
in older adults [9], and performance improvements on a Go/No-go test after 12 weeks in 
older adults with high MCI risk [11]. Additionally, IGF-1 level increases were associated with 
improvements in performance on the mathematical processing test in the exercise group. 
Furthermore, 12 weeks of resistance exercise tended to prevent age-related declines in 
hippocampal volume and neural density [10]. Finally, in the last part of this dissertation, I 
focused on individuals with spinal cord injury, who have been described to experience an 
accelerated cognitive aging process, potentially partly due to a chronic neuroinflammatory 
response following the spinal cord lesion [13]. Further, findings from a pilot study on a 
group of individuals with spinal cord injury revealed that acute neuromuscular electrical 
stimulation elevated lactate, one of the 16 exerkines we previously reported, but did not 
affect processing speed. Adding to the abovementioned finding, our results indicated 
that myokine responses may be smaller in individuals with longer time since spinal cord 
injury and cognitive effects may be smaller in individuals with higher injury level [14].

Based on these findings, a few general recommendations can be made. First, 
I recommend individuals to stay physically active throughout life in order to prevent 
or delay cognitive decline at older age. Based on current knowledge, a multimodal 
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group-based exercise program of at least moderate intensity is most likely to produce 
beneficial effects, as it may activate a combination of several hypothesized pathways and 
biopsychosocial influences. Second, I recommend that researchers and clinicians may 
consider kynurenine or handgrip strength as markers of brain health and future research 
may direct its focus on developing exercise programs for preventing cognitive decline in 
older adults with obesity or sarcopenia. Finally, I recommend that researchers implement 
longer lasting intervention periods to more comprehensively assess the benefits of 
physical exercise on preventing age-related neurodegeneration and cognitive decline 
and establish international collaborations to increase sample sizes.
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IMPACT / VALORIZATION OF THE DISSERTATION

This chapter starts with a description of the scientific impact, explaining in which sense 
this dissertation has enhanced our knowledge on the mechanisms underlying exercise 
effects on the brain and cognition. However, outside the scientific community a more 
practical answer may be desired [1]. Therefore, we added a paragraph describing the 
societal impact of the new scientific evidence, the clinical impact, and noted how this 
new knowledge may impact an individual person’s life.

1. Scientific impact

This dissertation provides new insights into the mechanisms underlying the exercise-
cognition relationship. The studies included in this dissertation pioneered by their 
multimodal approach, forming a bridge between the humeral, cerebral and cognitive 
responses to physical exercise. Using a hypothesis-driven approach, we explored several 
proposed relationships that had little or no previous evidence. For instance, there is 
novelty of our research studies since they assess the effects of resistance exercise 
on brain health and cognitive function. The amount of studies on resistance training 
is limited compared to studies on cardiovascular exercise [2]. Additionally, only one 
study [3] recently published about the relationship between chronic inflammation and 
neurometabolites prior to publication of our own findings [4]. No prior studies have 
examined the influence of sarcopenia or the impact of resistance exercise training 
on 1H-MRS metabolites, and there is very limited knowledge on how participant 
characteristics such as obesity, sarcopenia or cognitive status affect brain health and 
the exercise-induced effects on exerkines, brain health and cognitive function. More 
specifically, our research uncovered several key findings that should guide future 
researchers in advancing the field. For example, we summarized evidence from animal 
studies that reported brain-derived neurotrophic factor (BDNF) and irisin facilitate while 
tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) impede the exercise-induced 
enhancement of long-term synaptic potentiation [2]. Furthermore, insulin-like growth 
factor-1 (IGF-1), β-hydroxybutyrate and irisin can induce the cerebral release of BDNF 
following physical exercise, exerting similar indirect effects [2]. Although this knowledge 
is derived from animal studies, it currently provides the strongest evidence that these 
six exerkines influence neuroplasticity directly or indirectly following exercise. However, 
the actions of many of the existing exerkines remain unclear. We compiled findings from 
secretome and transcriptome studies, counting 1125 secretory proteins that are released 
from muscle tissue alone [5]. This does not imply that all of these putative myokines enter 
the bloodstream, nor that they can cross the blood-brain barrier. However, our findings 
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underscore the significant knowledge gap in this area. Subsequently, we made a small 
step forward in the field by discovering that circulating levels of kynurenine related to 
metabolic alterations associated with neuroinflammation and neurodegeneration [4] 
and that older adults with a high risk of mild cognitive impairment (MCI) have elevated 
kynurenine levels [6]. Higher levels of kynurenine were also associated with decreased 
handgrip force [7], which is considered a marker of global muscular strength and physical 
health in general [8][9]. Additionally, handgrip strength was found in our studies not 
only to be associated with the inflammatory marker kynurenine, but also with total brain 
volume and neurometabolic indices of neurodegeneration [7]. Our findings suggest that 
kynurenine and handgrip strength may be surrogates of neurodegeneration. Longitudinal 
research may prove if they may also serve as predictors, which will be a topic of our future 
investigations (e.g., see PROSPERO registration number CRD42024536276). Another novelty 
suggested by our findings is that the effect of resistance exercise on brain and cognitive 
outcomes may be larger in older adults with MCI compared to cognitively healthy older 
adults [6]. Furthermore, we explored the effect of high-intensity resistance exercise, in 
line with the finding from previous studies that moderate to high-intensity cardiovascular 
exercise has larger effects than low-intensity exercise. Since we found only marginal 
effects of resistance exercise in our study, it can be hypothesized that this association 
reported in previous studies exists by the influence of lactate rather than the muscle 
work itself. The high relative load we used in our resistance exercise studies will likely not 
have caused a large release in lactate, as would high-intensity cardiovascular exercise. A 
promising muscle training approach to elevate lactate levels is neuromuscular electrical 
stimulation (NMES, see below) or blood flow restriction exercise, which will be the topic of 
our future research (see ClinicalTrials.gov: NCT05744167). I advocate for the development 
of additional hypothesis-driven studies to deepen our understanding of the underlying 
mechanisms linking exercise and cognition.

The work included in this dissertation related to individuals with spinal cord injury 
(SCI) was particularly novel. Our findings underscore the importance of evaluating 
cognitive deficits, which are a widely underrecognized problem in this population [10]. 
We helped the research field forward by summarizing SCI-specific risk factors related 
to cognitive impairments and describing the current knowledge of the role of chronic 
inflammation in a process of accelerated cognitive decline [10]. Moreover, we were the first 
to propose physical exercise as a promising intervention to combat age-related cognitive 
decline in this population and test the effects of neuromuscular electrical stimulation on 
cognitive function in SCI [11][12]. Many questions remain, such as when and who should 
be screened for cognitive deficits, the influence of cognitive impairments on prognosis 
and effectiveness of rehabilitation treatment and how to combat cognitive decline in the 
chronic phase after SCI.
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2. Societal impact

In 2019, the global societal costs of dementia were estimated to be about US $ 1313.4 
billion annually. Approximately 50% of these costs are associated with informal care 
provided by family members, friends or others, highlighting its impact beyond the health 
care system and the individual [13]. It has been predicted that the prevalence of cognitive 
decline and dementias will further increase due to population aging and increases in the 
prevalence of risk factors related to cognitive decline [14]. Indeed, epidemiological studies 
report worldwide increases in the number of persons with risk factors such as obesity 
[15], sarcopenia [16] and sedentary behavior [17] over the last decades. Building on the 
existing knowledge about risk factors of cognitive aging, we discovered that obese and 
underweight older adults have reduced brain volumes. Furthermore, decreased handgrip 
strength, a marker for sarcopenia, was associated with increased kynurenine levels in 
the blood circulation, as well as reduced total brain volume and altered neurometabolic 
indices indicative of neurodegeneration [7]. In general, physical activity programs 
and services for older adults are effective and cost-effective [18]. These findings may 
stimulate health policy makers to promote healthy lifestyles by implementing programs 
for the prevention of obesity, sarcopenia (especially muscle strength loss) and sedentary 
behavior, and with it prevent or delay the onset of age-related cognitive deficits.

3. Clinical impact

Age-related cognitive decline affects 99% of the population at a certain age [19]. Yet, 
still no successful medical treatment exists to reverse cognitive decline. Given its 
high prevalence, cognitive decline is often neglected or considered normal. However, 
cognitive impairments can importantly impact older adults’ self-reliance and pose a 
burden to their caregivers and relatives [20]. In 2013, a study was published predicting 
that without a substantial reorganization, the current health care system would be 
inadequate to meet the demand of the growing disease burden, resulting in reduced 
access to care and reduced patients’ quality of life by 2025 [21]. Evidence included in this 
dissertation underscores the potential role of physical exercise to prevent or delay age-
related neurodegeneration and cognitive decline. Community services should therefore 
continue to take a role in promoting physical exercise as a preventive strategy against 
(cognitive) aging. Furthermore, general practitioners may prescribe physical exercise 
as a treatment strategy against cognitive decline and cognitive aging risk factors. Our 
findings show preliminary evidence that blood assessments of kynurenine or handgrip 
strength assessments may be used to monitor neurodegeneration, and screen for older 
adults at risk of developing cognitive impairments [4][7]. Additionally, our results suggest 
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that high-risk populations, such as those with obesity, sarcopenia and SCI, may need 
more attention when it comes to screening for cognitive impairments [7][10]. Clinicians 
should encourage these patients to remain physically active to counteract accelerated 
cognitive aging. Moreover, measuring ‘myokine profiles’ specific to cognitive aging or 
certain muscular diseases could become a useful tool for assessing disease severity and 
predicting treatment responses, as recently proposed for individuals with myasthenia 
gravis [22]. Similarly, also research in the development of ‘1H-MRS profiles’ may provide 
future prospects in staging and follow-up of diseases associated with neuroinflammation 
or neurodegeneration.

Another potential advent, could be the development of an exercise pill. The insights 
gained from this dissertation have the potential to advance this research trajectory. 
Given the unique characteristics of specific exerkines, it is likely that a series of pills 
will be developed with each their specific effects [23]. Our findings may suggest that 
possible targets to combat neurodegeneration are enhancers or agonists related to 
BDNF, IGF-1, β-hydroxybutyrate and irisin, or antagonists of TNF-α and IL-1β, given their 
exercise-induced (in)direct effects on neuroplasticity were shown in animal studies [2]. 
In addition to age-related neurodegeneration, these pills may be relevant in populations 
will neurological injury, such as stroke, multiple sclerosis, spinal cord injury and traumatic 
brain injury. I would refer to these exerkines as ‘makers’, while I would consider kynurenine 
or IL-6 more promising as ‘markers’ with respect to neural health. Kynurenine and IL-6 
are indicators of overall inflammatory status, and therefore valuable to be measured for 
screening older adults at risk of cognitive decline. One of the main effects of IL-6, however, 
is the regulation of metabolic processes [24]. It could therefore be considered a ‘maker’ 
with respect to metabolic health, and its characteristics might therefore be included in 
exercise pills related to metabolic syndrome. However, more research will be needed 
before exercise pills will become available on the market.

4. Individual impact

For the individual person, we should discuss the most optimal physical exercise program 
to preserve cognitive abilities throughout life. There is a growing need to develop 
exercise programs designed to take into account individual variation in responses to 
physical exercise interventions on brain health and cognitive function. However, the large 
heterogeneity of population and exercise characteristics in studies makes it presently 
impossible to provide individualized training recommendations. Large scale studies or 
meta-analyses are needed to move the field forward. This will be a goal of an ongoing 
meta-analysis of our research group [5]. In this meta-analysis, the main objective is to 
compile a sufficient amount of studies to prove if a mediating effect of myokines on the 
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beneficial effect of physical exercise on cognitive function in older adults is present or 
absent. Specifically for individuals with spinal cord injury, our systematic and narrative 
review may offer a theoretical framework for the onset of accelerated cognitive aging, 
including risk factors related to this process [10]. Individuals with SCI can strive to 
mitigate these risk factors as effectively as possible. In conclusion, the papers included 
and reviewed in this dissertation may suggest that any type of physical exercise can 
have benefit on cognitive function of any individual person [2][25]. At present, some 
evidence suggests that multimodal approaches, possibly targeting several beneficial 
mechanisms at once, would have the strongest effect. This means that the combination 
of several exercise modes, but also the addition of a healthy diet, cognitive training and 
social engagement would be the best approach for the individual to combat age-related 
cognitive decline [26][27]. Notably, it appears that physical exercise primarily delays 
or prevents age-related declines in brain health and cognitive performance, whereas 
evidence for improvements in cognitive performance is less clear from studies by our 
research group and others [6][28][29][30][31]. Therefore, I believe that it is most important 
that physical exercise is started early and continued for a longer period of time, at best 
throughout life. Indeed, one study showed that cognitive gains tended to decay after 
cessation of the physical intervention [32]. While increasing your physical activity levels 
in late adulthood will have added benefit, cognitive decline already starts at the age of 
20 and middle-aged adults implementing physical exercise were found to build resilience 
against neurodegeneration and cognitive aging in late adulthood [25][33][34]. I would 
therefore, recommend the individual person to stay physically active and choose an 
exercise program of their own choice, preferably a multimodal program, but especially 
one that offers the person pleasure and/or motivation so that the chances are highest 
to be maintained over time.
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1. Summary

Cognitive decline is inherent to aging [1]. It can manifest in various ways, including 
concentration difficulties, disorientation, slower information processing, frequently 
being unable to recall things, absent-mindedness, or forgetfulness, while the ability to 
use previously acquired knowledge, skills, and experiences generally remains intact [2]. 
Depending on individual and environmental factors, cognitive aging will sooner or later 
lead to a need for assistance [3]. Some major risk factors include educational level, 
physical inactivity, obesity, type 2 diabetes mellitus, smoking, high blood pressure, 
alcohol use, brain trauma, depression, air pollution, hearing loss, and social isolation. It 
is estimated that the prevalence of dementia could be reduced by 40% at the population 
level by eliminating these risk factors [4]. However, worldwide, the opposite trend is 
occurring. For example, the prevalence of physical inactivity increased by 5% between 
2005 and 2017 [5], type 2 diabetes mellitus increased by 50% between 1990 and 2015 [6], 
and the prevalence of obesity rose by 300% between 1975 and 2014 [7]. A 2013 research 
article estimated that by 2025, the current healthcare system would no longer be able to 
provide necessary care due to the aging population and an increase in individuals living 
with chronic diseases if no additional efforts are made in prevention [8].

Exercise plays an important role in maintaining good physical and mental health. It 
has positive effects on nearly every body system, including the brain [9]. An improvement 
in cognitive functions has been confirmed in an impressive number of studies involving 
participants of all ages [10][11][12]. Despite this knowledge, which has been around 
for decades, there remains uncertainty and a lack of consensus on the underlying 
mechanisms [13]. An interesting finding was made in 2003 by Bente Pedersen’s research 
group in Denmark. They discovered that the cytokine interleukin-6 (IL-6) was released by 
muscle cells during contractions, triggering signaling cascades in other organs, and they 
called it a ‘myokine’ [14]. It later became clear that during exercise, thousands of factors 
enter the bloodstream from almost all body systems, each with its own local and/or 
systemic effects. These exercise-related factors were called ‘exerkines’ [15]. Only a limited 
number of these exerkines are known to have effects on the brain or to be associated with 
cognitive changes after exercise [16]. The function of most exerkines remains unknown.

The primary goal of this dissertation was to gain more knowledge and understanding 
of the role of exerkines in promoting brain health and cognitive function after exercise 
in older adults. Research into the role of exerkines, and the mechanism underlying 
the effect of exercise on cognitive functioning in general, is essential for developing 
evidence-based exercise programs aimed at preventing age-related cognitive decline. 
For our intervention studies, we chose resistance training, as more research has been 
conducted on endurance training up till now, while some researchers argued that 
myokines might be released to a greater extent after resistance training compared to 
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endurance training [17]. In addition, research was conducted on individuals with spinal 
cord injuries. In this population, neuromuscular electrical stimulation was chosen as 
an intervention, as it may release even higher amounts of myokines than resistance 
training [18][19].

In Part I of this dissertation, a literature review was conducted on the effects of 
exerkines on neuroplasticity. In the first study (Chapter 1), we detailed the signaling 
cascades activated by 16 exerkines with known (in)direct effects on long-term synaptic 
potentiation (LTP) [20]. LTP is a form of neuroplasticity at the level of the synaptic 
connection between two nerve cells. In these synaptic connections, a chemical reaction 
occurs that leads to the transmission of a nerve impulse from one nerve cell to the next. 
To reach the threshold at which a new nerve signal is generated in the following nerve 
cell, the chemical signal must be sufficiently strong. LTP increases the chemical signal 
released by the pre-synaptic nerve cell and lowers the threshold for transmitting the 
signal in the post-synaptic nerve cell [21]. Although the described signaling cascades 
are based on animal research, they can be seen as an indication of the neurobiological 
effects of exerkines at the molecular level. Therefore, this knowledge forms an important 
theoretical background for research into the effects of exerkines. Additionally, we 
described changes in exerkine levels in circulation after exercise from human studies 
and in the brain, primarily from animal studies. Overall, we can state that exerkines with 
neurotrophic or anti-inflammatory effects increased after a single session of exercise 
(acute exercise) and after exercise over several weeks (chronic exercise). Exerkines 
with pro-inflammatory effects also increased after acute exercise but decreased after 
chronic exercise. Thus, sustained exercise appears to have a neurotrophic and anti-
inflammatory effect, mediated by changes in exerkines. It is important to note that the 
effect of exercise depended on various influencing factors, such as the type of exercise 
(resistance training, endurance training, multimodal training, mind-body training, 
balance exercises, etc.), the intensity and duration of the training, or the volume of 
the exercise program, as well as weight loss associated with the intervention, age, 
gender, or comorbidities of the study participants. In a second article (Chapter 2), we 
described the protocol for a future literature review with meta-analysis [16]. In this 
review, we aim to systematically map the current state of knowledge regarding the role 
of myokines in cognitive functioning in older adults and, if possible, conduct an analysis 
of the mediating role of these myokines on cognitive functioning. We plan to update 
this article every six months over a minimum of five years post-publication. To be as 
comprehensive as possible, we developed a list of 1,126 potential myokines derived 
from various secretome and transcriptome studies on human skeletal muscle. After an 
initial literature analysis, we included 33 studies in the meta-analysis. The results are 
currently being analyzed.
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Part II of this dissertation contains the results of a cross-sectional analysis we 
conducted to investigate the relationship between baseline exerkine levels and signs 
of brain aging [22][23]. More specifically, we assessed the levels of inflammatory 
(interleukin-6, IL-6; kynurenine) and neurotrophic (insulin-like growth factor-1, IGF-1) 
factors in the blood of older adults and looked for associations with neurometabolic 
signs of neuroinflammation and neurodegeneration, as well as gray matter atrophy in the 
brain (Chapter 3). We then analyzed the influence of participants’ personal characteristics 
on blood factors and markers of brain aging (Chapter 4). Based on previous research, we 
specifically tested whether age, global cognition, body fat percentage, or characteristics of 
sarcopenia (muscle strength, muscle volume, and physical performance) in older adults 
were related to the levels of neurotrophic or inflammatory factors in the blood, total 
gray matter volume in the brain, and neurometabolic status and gray matter volumes of 
five selected brain regions [23]. We found the following: Older adults with underweight 
or obesity had lower total brain volumes. Additionally, lower handgrip strength was 
associated with lower total brain volumes. Furthermore, older adults with lower handgrip 
strength had lower levels of N-acetylaspartate in two of the five measured brain regions, 
the dorsal posterior cingulate cortex and the dorsolateral prefrontal cortex. Lower levels 
of this neurometabolite may indicate that fewer nerve cells are present per volume, a 
sign of neurodegeneration. Finally, lower handgrip strength was associated with higher 
levels of kynurenine in blood serum [23]. Higher kynurenine levels in blood serum were 
also associated with neurometabolic changes consistent with neuroinflammation and 
neurodegeneration [22]. This suggests that handgrip strength and kynurenine may 
potentially serve as proxy measures for assessing brain health [22][23].

Part III of this dissertation presents the results of our intervention studies in 
older adults. We investigated whether a lower-body resistance training intervention 
could influence circulating blood factors (IL-6, kynurenine, and IGF-1), neurometabolites 
related to neurodegeneration and neuroinflammation, subregional gray matter volume 
in the hippocampus, or cognitive performance in older adults, and whether there were 
relationships between changes in these outcomes in the intervention group. In the 
first intervention study (Chapter 5), we compared cognitive changes immediately after 
a single high-load resistance training session with a control group [24]. Cognition was 
tested using three computerized cognitive tasks and a balance-cognition dual-task [24]. 
In the dual-task, participants were asked to maintain balance while standing in tandem 
Romberg position on a force plate, while simultaneously solving a math problem. In this 
study, we confirmed that even a single session of resistance training led to immediate 
improvements in working memory. This acute effect of exercise has been found in other 
studies and generally lasts for 15-60 minutes. In a second intervention study (results are 
presented in Chapters 6 and 7), we evaluated the effect of a twelve-week moderate-to-
high-intensity resistance training intervention in seventy older adults with either intact 
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cognitive function or an elevated risk of mild cognitive impairment (MCI) [25][26]. We 
discovered that older adults at higher risk of MCI had higher kynurenine levels and lower 
subiculum volumes (a part of the hippocampus) compared to cognitively healthy adults. 
We observed a non-significant increase in IL-6 levels and in total N-acetylaspartate levels 
in the hippocampus and a reduction in age-related decline of the gray matter volume 
of the dentate gyrus of the hippocampus, with a moderate effect size. The findings for 
hippocampus volume suggested that the intervention group experienced prevention 
of further volumetric loss rather than improvement. We can speculate that the effects 
might have been significant if the intervention had lasted longer. It is estimated that 
an intervention period of at least 6 months is necessary. This will need to be confirmed 
in future research. Finally, our results showed improvements in the Go/No-go test in 
the intervention group compared to the control group, but this effect depended on the 
cognitive status of the older adults and was only significant in those at high risk for MCI. 
The Go/No-go test is a cognitive inhibition test in which participants must respond as 
quickly as possible to a ‘Go’ signal, but withhold a response to a ‘No-go’ signal. It is a 
component of executive functioning.

The twelve-week intervention study with older adults took place during the COVID-19 
pandemic, which caused additional challenges in recruiting participants and continuing 
the experiments. Some older participants decided to withdraw from the experiment or 
had to stop due to illness. It is important to note that an infection with the COVID-19 
virus (SARS-CoV-2) may have neurological consequences, which could have potentially 
affected our results. We had the opportunity to make a unique comparison of pre- and 
post-COVID-19 structural and neurometabolic brain measurements in three participants 
(Chapter 8) [27]. In this case series, we discovered neurometabolic changes in the 
hippocampus that could indicate neuroinflammation immediately after recovery from 
COVID-19. Finally, our research findings showed increased hippocampus volume in the 
experimental participants with COVID-19. In contrast with our statement above that 
hippocampal volume did not change in experimental group, at group level, but rather 
decreased in controls, this may indicate that on an individual basis some participants 
did show increases in volume following resistance exercise and this was not influenced 
by COVID-19.

Part IV of this dissertation contains all studies related to individuals with spinal 
cord injuries. Chapter 9 consists of a literature review, in which we suggested that there 
is accelerated age-related cognitive decline in this population, likely caused at least in 
part by a chronic neuroinflammatory response originating from the location of the spinal 
cord injury [28]. Based on our previous findings and knowledge from older adults, we 
hypothesized that the anti-inflammatory and neurotrophic effects of exercise could prevent 
or delay cognitive decline in individuals with spinal cord injuries. However, a systematic 
review of this topic did not yield any intervention studies evaluating the relationship 
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between exercise and cognition in this population [28]. Therefore, we conducted our first 
intervention study (Chapter 10) aimed at evaluating the acute effects of muscle training 
with low- or high-intensity neuromuscular electrical stimulation on lactate levels, IGF-1 
levels, and information processing speed [29]. The study had a crossover design. We found 
that lactate increased significantly after both interventions. Lactate has previously been 
shown to have positive direct and indirect effects on neuroplastic processes in the brain 
[30][31]. However, we did not find a significant increase in IGF-1 or significant improvement 
in information processing speed. Additional findings showed that a longer time since 
the spinal cord injury was associated with smaller changes in IGF-1 in the low-intensity 
group, and a higher injury level was associated with smaller improvements in information 
processing speed. Using this information, we ultimately designed a new intervention 
study with a chronic (12-week) intervention using neuromuscular electrical stimulation 
(Chapter 11). This research is currently ongoing at Maastricht University, Netherlands, but 
the protocol for this study is included in this dissertation [32].

In conclusion, there is neuroscientific evidence for an effect of exerkines on synaptic 
plasticity in animal studies [1]. This suggests that exerkines may, at least in part, mediate 
the positive effects of exercise on cognitive functions. Elevated serum kynurenine levels 
and decreased handgrip strength are potential markers of brain aging in older adults. 
Older adults should aim for a healthy body fat percentage, as both underweight and 
obesity were associated with brain volume loss. Both a single session and a twelve-week 
resistance training intervention have positive effects on executive functioning in older 
adults, as demonstrated by a working memory task in healthy older adults and a cognitive 
inhibition task in older adults with high MCI risk, respectively. Increases in IGF-1 in the 
exercise group and IL-6 in the total group were associated with improvements in working 
memory. However, these findings need to be confirmed in larger and longer-duration 
studies. From the final part of this dissertation, we can conclude that individuals with 
spinal cord injuries experience accelerated cognitive aging, which may be partly caused 
by chronic neuroinflammation. To date, there are no studies that have examined the 
effects of exercise on cognitive functions or brain health in this population. We conducted 
a pilot study where the intervention consisted of a single session of neuromuscular 
electrical stimulation. We found an increase in lactate but no changes in IGF-1 or cognitive 
performance on an information processing speed test. Based on all that I have learned 
during the preparation of this dissertation, I would advise everyone to choose multimodal 
physical exercise in a motivating and enjoyable setting, so that exercise can be sustained 
throughout life and help prevent or mitigate cognitive aging.
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2. Samenvatting

Cognitieve achteruitgang is inherent aan het ouder worden [1]. Cognitieve 
achteruitgang kan zich onder andere uiten in de vorm van concentratiestoornissen, 
desoriëntatie, het vertraagd verwerken van informatie, regelmatig ergens niet op 
kunnen komen, verstrooidheid of vergeetachtigheid, terwijl het vermogen om eerder 
verworven kennis, vaardigheden en ervaringen te gebruiken gewoonlijk intact blijft [2]. 
Afhankelijk van individuele en omgevingsfactoren leidt cognitieve veroudering vroeg 
of laat tot hulpbehoevendheid [3]. Enkele belangrijke risicofactoren voor dementie zijn 
opleidingsniveau, fysieke inactiviteit, obesitas, diabetes mellitus type 2, roken, hoge 
bloeddruk, alcoholgebruik, hersentraumata, depressie, luchtvervuiling, gehoorverlies 
en sociale isolatie. Er wordt aangenomen dat de prevalentie van dementie met 40% 
zou kunnen worden verminderd op populatieniveau door deze risicofactoren weg te 
nemen [4]. Wereldwijd zien we echter het omgekeerde gebeuren. De fysieke inactiviteit, 
bijvoorbeeld, nam met 5% toe tussen 2005 en 2017 [5], type 2 diabetes mellitus steeg 
met 50% tussen 1990 en 2015 [6] en obesitas is met 300% toegenomen tussen 1975 
en 2014 [7]. In een onderzoekartikel uit 2013 schreef men dat men verwachtte dat 
het huidige zorgsysteem tegen 2025 niet meer in staat zou zijn om de nodige zorg te 
bieden vanwege de vergrijzing van de populatie en vanwege het toenemend aantal 
personen die leven met chronische ziektes als er niet extra zou ingezet worden op 
preventie [8].

Lichaamsbeweging heeft een belangrijke rol in het behouden van een goede 
fysieke en mentale gezondheid. Lichaamsbeweging heeft positieve effecten op vrijwel 
elk lichaamssysteem, inclusief op de hersenen [9]. Een verbetering in cognitieve 
functies geassocieerd aan lichaamsbeweging werd bevestigd in een impressionant 
aantal onderzoekstudies met deelnemers van alle leeftijden [10][11][12]. Ondanks dat 
dit al tientallen jaren bekend is, blijft er onduidelijkheid en is er gebrek aan consensus 
over het onderliggend mechanisme van deze verbetering in cognitieve functies door 
lichaamsbeweging [13]. Een interessante bevinding werd gedaan in 2003 door de 
onderzoeksgroep van Bente Pedersen in Denemarken. Zij ontdekten dat cytokine 
interleukine-6 (IL-6) wordt vrijgegeven door spiercellen tijdens spiercontracties waarop 
het signaalcascades activeert in andere organen. Ze noemden IL-6 een ‘myokine’ [14]. 
Later werd duidelijk dat tijdens lichaamsbeweging duizenden factoren, met elk hun 
eigen locale en/of systemische effecten, in het bloed terechtkomen vanuit vrijwel 
alle lichaamssystemen. Deze inspannings-gerelateerde factoren werden ‘exerkines’ 
genoemd [15]. Van een beperkt aantal van deze exerkines is ondertussen bekend dat 
ze effecten hebben op de hersenen of gerelateerd zijn met cognitieve veranderingen na 
lichaamsbeweging [16]. De meeste exerkines hebben een onbekende functie.



461

Summary in three languages

14

Het primaire doel van dit proefschrift was om meer kennis en   begrip te verwerven 
over de rol van exerkines in het bevorderen van de gezondheid van de hersenen en 
van de cognitieve functies na lichaamsbeweging bij oudere volwassenen. Onderzoek 
naar de rol van exerkines, en het mechanisme onderliggend aan het effect van 
lichaamsbeweging op het cognitief functioneren in het algemeen, is essentieel voor het 
kunnen ontwikkelen van op wetenschappelijk bewijs gebaseerde beweegprogramma’s 
voor de preventie van ouderdomsgerelateerde cognitieve achteruitgang. Voor onze 
interventiestudies werd gekozen voor krachttraining, gezien er voornamelijk onderzoek 
was gedaan met duurtraining, dit terwijl sommige onderzoekers argumenteerden dat 
myokines in toegenomen mate zouden kunnen worden vrijgesteld na krachttraining in 
vergelijking met duurtraining [17]. Daarnaast werd onderzoek verricht bij personen met een 
ruggenmergletsel. In deze populatie werd als interventie gekozen voor neuromusculaire 
elektrische stimulatie. We verwachtten dat neuromusculaire elektrische stimulatie 
mogelijks nog hogere hoeveelheden aan myokines zou vrijgeven dan krachttraining [18]
[19].

Deel I van dit proefschrift bevat literatuuronderzoek naar de effecten van exerkines 
op neuroplasticiteit. In een eerste studie (hoofdstuk 1) beschrijven we in detail de 
signaalcascades die worden geactiveerd door 16 exerkines met bekende (in)directe 
effecten op lange termijn synaptische potentiëring (LTP) [20]. LTP is een vorm van 
neuroplasticiteit op het niveau van de synaptische verbinding tussen twee zenuwcellen. 
In deze synaptische verbindingen vindt een chemische reactie plaats die leidt tot 
de overdracht van een zenuwprikkel van de ene zenuwcel naar de volgende. Om de 
drempel te bereiken waarop een nieuw zenuwsignaal gegenereerd wordt in deze volgende 
zenuwcel moet het chemisch signaal voldoende groot zijn. Door LTP wordt het chemisch 
signaal dat wordt vrijgegeven door de pre-synaptische zenuwcel, vergroot en de drempel 
om het signaal door te zetten in het post-synaptische zenuwcel verlaagd [21]. Hoewel 
de beschreven signaalcascades gebaseerd zijn op dierenonderzoek, kunnen ze gezien 
worden als een aanwijzing voor de neurobiologische effecten van exerkines op moleculair 
niveau en daarom vormt deze kennis een belangrijke theoretische achtergrond voor 
het onderzoek naar de effecten van exerkines. Verder beschrijven we in onze studie de 
veranderingen die plaats vinden na inspanning zowel voor wat betreft de hoeveelheden 
exerkines in de bloedsomloop (voornamelijk op basis van onderzoek op mensen) als in de 
hersenen (voornamelijk vanuit dierenonderzoek). Over het algemeen kunnen we stellen 
dat de hoeveelheden exerkines met neurotrofe of anti-inflammatoire (anti-ontsteking) 
effecten toenemen na een enkele sessie lichaamsbeweging (acute lichaamsbeweging) 
en na lichaamsbeweging voor meerdere weken (chronische lichaamsbeweging). De 
hoeveelheden exerkines met pro-inflammatoire effecten nemen echter ook toe na acute 
lichaamsbeweging, maar nemen wel af na chronische lichaamsbeweging. Volgehouden 
lichaamsbeweging lijkt dus een neurotroof en anti-inflammatoir effect te hebben dat 



462

Chapter 14

gemedieerd wordt door veranderingen in exerkines. Daarbij moet worden opgemerkt dat 
het in de studie gemeten effect van lichaamsbeweging afhankelijk was van verschillende 
beïnvloedende factoren zoals het soort lichaamsbeweging (krachttraining, duurtraining, 
multimodale training, mind-body training, evenwichtsoefeningen, enz.), de intensiteit 
van de training, de duur van de training of het volume van het oefenprogramma, de 
hoeveelheid gewichtsverlies geassocieerd met de interventie, de leeftijd, het geslacht 
of de co-morbiditeiten van de studiedeelnemers. In een tweede artikel (hoofdstuk 2) 
beschrijven we het protocol voor een toekomstig literatuuronderzoek met meta-analyse 
[16]. In dit literatuuronderzoek willen we op systematische wijze de laatste stand 
van zaken betreffende de rol van myokines op het cognitief functioneren bij oudere 
volwassenen in kaart brengen en willen we, voor zover als mogelijk, de mediërende rol 
van deze myokines op het cognitief functioneren analyseren. Dit onderzoek plannen we 
aan te houden voor een periode van minimaal vijf jaar na publicatie van het artikel, door 
halfjaarlijks het artikel up te daten. Om zo volledig mogelijk te zijn, ontwikkelden we een 
lijst met 1126 mogelijke myokines die we konden afleiden uit verschillende secretoom- 
en transcriptoomstudies op menselijke skeletspieren. Na een eerste literatuuranalyse 
konden we 33 studies includeren in de meta-analyse. De resultaten worden momenteel 
geanalyseerd.

Deel II van dit proefschrift bevat resultaten van een cross-sectionele analyse die 
we hebben uitgevoerd om de relatie tussen basale exerkinewaarden en tekenen van 
veroudering in de hersenen te onderzoeken [22][23]. We beoordeelden meer bepaald 
de hoeveelheid inflammatoire (interleukine-6, IL-6; kynurenine) en neurotrofe (insuline-
achtige groeifactor-1, IGF-1) factoren in het bloed van oudere volwassenen en zochten naar 
associaties met neurometabole tekenen van neuro-inflammatie en neurodegeneratie, 
alsook naar atrofie van de grijze stof in de hersenen (hoofdstuk 3). Vervolgens deden we 
een analyse waarbij we de invloed van persoonlijke karakteristieken van de deelnemers 
op de bloedfactoren en markers van hersenveroudering konden beoordelen (hoofdstuk 
4). Op basis van eerder onderzoek besloten we specifiek te testen of leeftijd, en/of globale 
cognitie, en/of lichaamsvetpercentage en/of kenmerken van sarcopenie (spierkracht, 
spiervolume en fysieke prestaties) van de oudere volwassenen gerelateerd waren aan de 
hoeveelheid neurotrofe of ontstekingsfactoren in het bloed, aan het grijze stofvolume in 
de totale hersenen en aan de neurometabole status en grijze stofvolumes van vijf gekozen 
hersengebieden [23]. We kwamen tot de volgende bevindingen: oudere volwassenen 
met een ondergewicht of met obesitas hadden lagere totale hersenvolumes. Ook een 
lagere handknijpkracht kon worden geassocieerd met lagere totale hersenvolumes. 
Bovendien hadden oudere volwassenen met lagere handknijpkracht lagere hoeveelheden 
N-acetylaspartaat in twee van de vijf gemeten hersenregio’s, namelijk in de dorsale 
achterste cingulate cortex en in de dorsolaterale prefrontale cortex. Lagere hoeveelheden 
van deze neurometaboliet kunnen erop wijzen dat er per volume ook nog eens minder 
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zenuwcellen aanwezig zijn, wat een teken is van neurodegeneratie. Tot slot kon een 
lagere handknijpkracht worden gerelateerd aan een grotere hoeveelheid kynurenine in 
het bloedserum [23]. Hogere kynurenineniveaus in het bloedserum bleken zelf ook nog 
gerelateerd te zijn aan neurometabole veranderingen die passen bij neuroinflammatie 
en neurodegeneratie [22]. Dit duidt erop dat handknijpkracht en kynurenine mogelijk 
kunnen dienen als afgeleide metingen om een uitspraak te doen over de gezondheid 
van de hersenen [22][23].

In deel III van dit proefschrift zijn de resultaten van onze interventiestudies bij oudere 
volwassenen beschreven. Er werd onderzocht of een interventie met krachttraining van 
de onderste ledematen de hoeveelheid circulerende bloedfactoren (IL-6, kynurenine en 
IGF-1), de neurometabolieten gerelateerd aan neurodegeneratie en neuro-inflammatie, 
het subregionale grijze stofvolume in de hippocampus of de cognitieve prestaties van de 
oudere volwassenen kon beïnvloeden en of er relaties bestonden tussen veranderingen 
in deze uitkomsten in de interventiegroep. In een eerste interventiestudie (hoofdstuk 5) 
vergeleken we cognitieve veranderingen onmiddellijk na een enkele sessie krachttraining 
met hoge relatieve belasting met een controlegroep [24]. Cognitie werd getest met drie 
computergestuurde cognitieve taken en een balans-cognitie dubbeltaak [24]. Bij de 
dubbeltaak moesten de deelnemers hun balans bewaren terwijl ze op een krachtplaat 
stonden met de voeten achter elkaar geplaatst (tandem Romberg positie). Ondertussen 
werden ze gevraagd om een rekensom te maken. Bij dit onderzoek konden we bevestigen 
dat zelfs één enkele sessie krachttraining al tot een onmiddellijke verbetering in 
werkgeheugen leidde. Dit acuut effect van lichaamsbeweging is ook gevonden in andere 
studies en betreft meestal een kortdurend effect van 15 tot 60 minuten. In een tweede 
interventiestudie (resultaten zijn weergegeven in hoofdstuk 6 en 7) evalueerden we 
het effect van een twaalf weken durende interventie met krachttraining aan matige tot 
hoge intensiteit bij zeventig oudere volwassenen met ofwel intacte cognitieve functie 
ofwel een verhoogd risico op milde cognitieve stoornissen (MCI) [25][26]. We ontdekten 
dat oudere volwassenen met een verhoogd risico op MCI hogere kynureninespiegels 
en lagere subiculumvolumes (een onderdeel van de hippocampus) hadden vergeleken 
met cognitief gezonde volwassenen. We zagen een niet-significante toename in IL-6-
niveaus en de totale N-acetylaspartaat-niveaus in de hippocampus en een afname van 
de leeftijdsgebonden achteruitgang in het grijze stofvolume van de dentate gyrus van 
de hippocampus, met een matige effectgrootte. De bevindingen betreffende het volume 
van de hippocampus wezen eerder op preventie van verdere veroudering met de tijd 
in de interventiegroep, dan dat er een verbetering optrad. We kunnen speculeren dat 
de effecten mogelijk wel significant geweest zouden zijn als de interventie van langere 
duur was geweest. Naar schatting is een interventieperiode van minimaal 6 maanden 
noodzakelijk. Dit zal in toekomstig onderzoek moeten worden bevestigd; Ten slotte lieten 
onze resultaten verbeteringen zien op de Go/No-go-test in de interventiegroep vergeleken 
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met de controlegroep. Dit effect was echter afhankelijk van de cognitieve status van de 
oudere volwassenen en was alleen significant bij oudere volwassenen met een hoog 
risico op MCI. De Go/No-go test is een cognitieve inhibitietest, waarbij personen zo snel 
mogelijk moeten reageren op een ‘Go’ signaal, maar een reactie moeten onderdrukken 
bij een ‘No-go’ signaal. Het is een component van het executief functioneren.

Het twaalf weken durende interventieonderzoek met oudere volwassenen vond 
plaats tijdens de COVID-19-pandemie, wat extra problemen veroorzaakte bij het rekruteren 
van deelnemers en het voortzetten van de experimenten. Een deel van de deelnemende 
ouderen besloot het experiment te verlaten of moest vanwege ziekte stoppen. Belangrijk 
te vermelden is dat een infectie met het COVID-19 virus (SARS-COV-2) ook mogelijke 
neurologische gevolgen heeft, die onze resultaten mogelijk hebben beïnvloed. We hadden 
de mogelijkheid om bij drie deelnemers een unieke vergelijking te maken tussen pre- 
en post-COVID-19 structurele en neurometabole hersenmetingen (hoofdstuk 8) [27]. In 
deze case-seriestudie ontdekten we neurometabole veranderingen in de hippocampus, 
die mogelijk kan wijzen op neuro-inflammatie onmiddellijk na het herstel van COVID-19. 
Tot slot lieten onze onderzoeksresultaten zien dat bij de experimentele deelnemers met 
COVID-19 het volume van de hippocampus toenam. In tegenstelling tot onze eerdere 
stelling dat het volume van de hippocampus in de experimentele groep niet veranderde 
op groepsniveau, maar wel afnam in de controlegroep, kan dit erop wijzen dat sommige 
deelnemers op individueel niveau een toename in volume vertoonden na krachttraining, 
en dat dit niet werd beïnvloed door COVID-19.

Deel IV van dit proefschrift bevat alle studies met betrekking tot personen met een 
dwarslaesie. Hoofdstuk 9 bestaat uit een literatuuronderzoek, waarin we suggereerden 
dat er een versnelde leeftijdsgebonden cognitieve achteruitgang is in deze populatie, 
waarschijnlijk op zijn minst gedeeltelijk veroorzaakt door een chronische neuro-
inflammatoire respons die voortkomt vanuit de locatie van de dwarslaesie [28]. Gebaseerd 
op onze eerdere bevindingen en kennis bij oudere volwassenen, gingen we uit van de 
hypothese dat de ontstekingsremmende en neurotrofe effecten van lichaamsbeweging de 
cognitieve achteruitgang bij personen met een dwarslaesie zouden kunnen voorkomen 
of vertragen. Een systematische review van dit onderwerp leverde echter geen 
interventiestudies op waarin de relatie tussen inspanning en cognitie in deze populatie 
werd geëvalueerd [28]. Daarom hebben we zelf een eerste interventiestudie uitgevoerd 
(hoofdstuk 10), bedoeld om de acute effecten van spiertraining met neuromusculaire 
elektrische stimulatie van lage of hoge intensiteit op lactaatniveaus, IGF-1-niveaus en 
informatieverwerkingssnelheid te evalueren [29]. De studie had een cross-over design. 
We ontdekten dat het lactaat na beide interventies aanzienlijk toenam. Er was eerder 
aangetoond dat lactaat positieve directe en indirecte effecten heeft op neuroplastische 
processen in de hersenen [30][31]. We vonden echter geen significante toename in 
IGF-1 en ook geen significante verbetering in de snelheid van informatieverwerking. 
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Bijkomende bevindingen waren dat een langere tijd sinds dwarslaesie kon worden 
geassocieerd met kleinere veranderingen in IGF-1 in de lage intensiteitsgroep en een 
hoger letselniveau kon worden geassocieerd met kleinere verbeteringen in de snelheid 
van informatieverwerking. Met behulp van deze informatie hebben we uiteindelijk een 
nieuwe interventiestudie ontworpen met een chronische (12 weken durende) interventie 
met behulp van neuromusculaire elektrische stimulatie (hoofdstuk 11). Dit onderzoek 
loopt momenteel nog aan de Universiteit Maastricht, Nederland, maar het protocol van 
dit onderzoek is opgenomen in dit proefschrift [32].

Concluderend kunnen we stellen dat er neurowetenschappelijke aanwijzingen 
zijn voor een effect van exerkines op synaptische plasticiteit bij dierenstudies 
[20]. Dit suggereert dat exerkines mogelijk, op zijn minst voor een deel, het positief 
effect van lichaamsbeweging op de cognitieve functies mediëren. Verhoogde serum 
kynurenineniveaus en verminderde handknijpkracht zijn mogelijk afgeleide maten voor 
hersenveroudering bij oudere volwassenen. Tevens dienen oudere volwassenen een 
gezond lichaamsvetpercentage na te streven, gezien zowel ondergewicht als obesitas 
kunnen worden gerelateerd aan hersenvolumeverlies. Zowel één enkele sessie als een 
12 weken durende interventie met krachttraining resulteerde in onze studies in positieve 
effecten op het executief functioneren van oudere volwassenen. Dit kon respectievelijk met 
een werkgeheugentaak en een cognitieve inhibitietaak worden aangetoond. Een toename 
in IGF-1 in de interventiegroep en in IL-6 in de totale groep kon worden geassocieerd met 
werkgeheugen verbeteringen. Deze bevindingen dienen echter nog bevestigd te worden in 
grotere studies met een langere duur. Uit het laatste deel van dit proefschrift kunnen we 
concluderen dat individuen met een dwarslaesie een versnelde cognitieve veroudering 
doormaken, die mogelijks deels veroorzaakt wordt door chronische neuroinflammatie. 
Tot hiertoe zijn er geen studies die het effect van lichaamsbeweging op cognitieve 
functies of hersengezondheid hebben onderzocht. We hebben een eerste pilotstudie 
uitgevoerd waarbij de interventie bestond uit één enkele sessie met neuromusculaire 
elektrische stimulatie. We vonden een toename in lactaat, maar geen veranderingen in 
IGF-1 of cognitieve prestaties op een verwerkingssnelheid test. Gebaseerd op al wat ik 
heb geleerd tijdens het maken van dit proefschrift, zou ik iedereen willen adviseren om 
een multimodale lichaamsbeweging te kiezen in een motiverende en plezierige setting, 
zodat de lichaamsbeweging kan worden volgehouden gedurende de volledige loop van 
het leven en kan bijdragen tot het voorkomen of beperken van cognitieve veroudering.
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3. Santrauka

Senstant būdingas kognityvinių funkcijų silpnėjimas [1]. Jis gali pasireikšti įvairiais būdais, 
įskaitant sunkumą susikaupti, dezorientaciją, lėtesnį informacijos apdorojimą, dažną 
nesugebėjimą prisiminti dalykų, išsiblaškymą ar užmaršumą, tačiau gebėjimas naudotis 
anksčiau įgytomis žiniomis, įgūdžiais ir patirtimi paprastai lieka nepakitęs [2]. Priklausomai 
nuo individualių ir aplinkos veiksnių, dėl senstant silpnėjančių kognityvinių funkcijų 
anksčiau ar vėliau kyla pagalbos poreikis [3]. Kai kurie pagrindiniai rizikos veiksniai yra 
išsilavinimo lygmuo, fizinio aktyvumo stoka, nutukimas, antrojo tipo cukrinis diabetas, 
rūkymas, aukštas kraujospūdis, alkoholio vartojimas, smegenų trauma, depresija, oro 
tarša, klausos praradimas ir socialinė izoliacija. Apskaičiuota, kad pašalinus šiuos rizikos 
veiksnius, demencijos rizika galėtų sumažėti 40 % [4]. Tačiau pasaulyje vyksta priešinga 
tendencija. Pavyzdžiui, fizinis pasyvumas nuo 2005 iki 2017 metų padidėjo 5 % [5], antrojo 
tipo cukrinio diabeto atvejų nuo 1990 iki 2015 metų padaugėjo 50 % [6], o nutukimo 
paplitimas nuo 1975 iki 2014 metų išaugo 300 % [7]. Dar 2013 metais atliekant mokslinį 
tyrimą buvo apskaičiuota, kad iki 2025 metų dabartinė sveikatos priežiūros sistema 
nebepajėgs teikti reikiamos sveikatos priežiūros dėl senėjančios visuomenės ir didėjančio 
lėtinėmis ligomis sergančių asmenų skaičiaus, jeigu nebus imtasi papildomų prevencijos 
priemonių [8].

Fizinis aktyvumas vaidina svarbų vaidmenį palaikant gerą fizinę ir psichinę sveikatą. 
Jis teigiamai veikia beveik visas žmogaus kūno sistemas, įskaitant smegenis [9]. Daugybe 
tyrimų patvirtinta, kad dėl taikyto fizinio krūvio kognityvinės funkcijos gerėjo visų amžiaus 
grupių tiriamiesiems [10][11][12]. Nepaisant šių per kelis dešimtmečius sukauptų žinių, 
vis dar išlieka neaiškumų ir trūksta sutarimo dėl pagrindinio šio reiškinio mechanizmo 
[13]. Įdomų atradimą 2003 metais padarė Bente’ės Pedersen tyrimų grupė iš Danijos. 
Jie nustatė, kad susitraukimų metu raumenų ląstelės išskiria citokiną interleukiną-6 (IL-
6), kuris aktyvina signalinius kelius kituose organuose, ir pavadino jį miokinu (gr. mys 
– raumuo + o + gr. kinein – judėti = angl. myokine) [14]. Vėliau paaiškėjo, kad fizinio 
krūvio metu iš beveik visų kūno sistemų į kraują patenka tūkstančiai veiksnių, kiekvienas 
turėdamas savo vietinį ir (arba) sisteminį poveikį. Šie su fiziniu krūviu susiję veiksniai buvo 
pavadinti ekserkinais (angl. exercise – treniruoti + gr. kinein – judėti = angl. exerkine) [15]. 
Nedidelė dalis šių ekserkinų daro poveikį smegenims arba yra susiję su kognityviniais 
pokyčiais po fizinio krūvio [16]. Daugumos ekserkinų funkcijos vis dar nežinomos.

Pagrindinis šios disertacijos tikslas buvo įgyti daugiau žinių ir suprasti ekserkinų 
poveikį vyresnio amžiaus suaugusiųjų smegenų sveikatai bei kognityvinėms funkcijoms 
po fizinio krūvio. Ekserkinų vaidmens ir mechanizmo, kuriuo grindžiamas fizinių pratimų 
poveikis kognityvinėms funkcijoms, tyrimai labai svarbūs rengiant įrodymais pagrįstas 
fizinių pratimų programas, kuriomis siekiama užkirsti kelią su amžiumi susijusiam 
kognityvinių funkcijų silpnėjimui. Šios disertacijos intervenciniuose tyrimuose taikytos 
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jėgos treniruotės, nes iki šiol daugiau tyrimų atlikta su ištvermės treniruotėmis. Be to, 
kai kurie mokslininkai teigia, kad miokinai didesniu mastu gali būti išskiriami po jėgos 
treniruočių, palyginti su ištvermės treniruotėmis [17].

Tyrimai taip pat buvo atlikti su asmenimis, patyrusiais stuburo smegenų traumą. Šioje 
populiacijoje kaip intervencija buvo pasirinkta neuroraumeninė elektros stimuliacija, nes 
ji gali aktyvinti dar didesnį miokinų kiekį nei jėgos treniruotės [18][19].

Pirmojoje šios disertacijos dalyje pateikiama literatūros apie ekserkinų poveikį 
neuroplastiškumui apžvalga. Pirmajame skyriuje išsamiai aprašomi signaliniai keliai, 
kuriuos aktyvina 16-ka ekserkinų, darančių (ne)tiesioginį poveikį ilgalaikei sinapsės 
potenciacijai, (angl. long-term potentiation, LTP) [20]. LTP yra neuroplastiškumo forma, 
atsirandanti tarp dviejų nervinių ląstelių, kurias jungia sinapsė. Dėl šios sinapsės funkcijos 
įvyksta cheminė reakcija, kuri lemia nervinio impulso perdavimą iš vienos nervinės ląstelės 
kitai. Kad kitoje nervinėje ląstelėje susidarytų naujas signalas, cheminės reakcijos signalas 
turi būti pakankamai stiprus. LTP padidina presinapsinės nervinės ląstelės išskiriamą 
cheminės reakcijos signalą ir sumažina slenkstį signalui posinapsinėje nervinėje ląstelėje 
perduoti [21]. Nors aprašyti signaliniai keliai grindžiami tyrimais su gyvūnais, jie gali būti 
laikomi neurobiologinio ekserkinų poveikio molekuliniu lygiu indikacija. Todėl šios žinios 
sudaro svarbų teorinį pagrindą ekserkinų poveikio tyrimams.

Be to, pirmajame skyriuje aprašomi po fizinio krūvio nustatyti ekserkinų 
koncentracijos pokyčiai (remiantis tyrimais su žmonėmis – kraujotakoje; daugiausia 
remiantis tyrimais su gyvūnais – smegenyse). Bendrai galima teigti, kad neurotrofinį 
arba priešuždegiminį poveikį turinčių ekserkinų koncentracija padidėja ir po vienkartinio 
fizinio krūvio, ir po kelias savaites trunkančio fizinio krūvio. Ekserkinų, turinčių uždegiminį 
poveikį, taip pat padaugėja po vienkartinio fizinio krūvio, bet sumažėja po ilgalaikio fizinio 
krūvio. Taigi, galima manyti, kad tarpininkaujant ekserkinams ilgalaikis fizinis krūvis 
pasižymi neurotrofiniu ir priešuždegiminiu poveikiu. Svarbu pažymėti, kad fizinio krūvio 
poveikis priklauso nuo įvairių veiksnių, tokių kaip fizinio krūvio tipas (jėgos, ištvermės, 
daugiakomponentės kūno ir proto treniruotės, pusiausvyros pratimai ir kt.), treniruotės 
intensyvumas ir trukmė arba treniruočių programos apimtis, taip pat nuo svorio netekimo, 
susijusio su intervencija, amžiaus, lyties ar tiriamųjų gretutinių ligų.

Antrajame skyriuje aprašomas būsimosios literatūros apžvalgos su metaanalize 
protokolas [16]. Šioje apžvalgoje siekiama susisteminti dabartines žinias apie miokinų 
vaidmenį vyresnio amžiaus žmonių kognityvinėms funkcijoms ir, esant galimybei, atlikti 
miokinų tarpininkavimo reikšmės kognityvinei funkcijai analizę. Šį skyrių planuojama 
atnaujinti kas šešis mėnesius, mažiausiai penkerius metus po disertacijos publikavimo. 
Siekiant pateikti kuo tikslesnius ir išsamesnius duomenis, buvo sudarytas 1126 potencialių 
miokinų sąrašas, apie kuriuos informacija gauta iš įvairių žmonių griaučių raumenų 
sekretomų ir transkriptomų tyrimų. Po pirminės literatūros analizės, į metaanalizę įtraukti 
33 tyrimai. Šiuo metu rezultatai analizuojami.
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Antrojoje dalyje (3–4 skyriai) pristatomi atliktos skerspjūvio analizės, kurioje tirtas 
ryšys tarp pradinio ekserkinų lygio ir smegenų senėjimo požymių, rezultatai [22][23]. Tiksliau 
tariant, įvertinta uždegiminių (IL-6; kinurenino) ir neurotrofinių (į insuliną panašaus augimo 
faktoriaus-1, IGF-1) veiksnių koncentracija vyresnio amžiaus žmonių kraujyje ir ieškota sąsajų su 
neurometaboliniais neurouždegimo ir neurodegeneracijos požymiais bei pilkosios smegenų 
medžiagos atrofija (trečiasis skyrius). Po to analizuota tiriamųjų asmeninių savybių įtaka kraujo 
veiksniams ir smegenų senėjimo požymiams (ketvirtasis skyrius). Remiantis ankstesniais 
darbais, buvo tiriama, ar vyresnio amžiaus žmonių amžius, kognityvinė funkcija, kūno riebalų 
procentas ar sarkopenijos požymiai (raumenų jėga, raumenų tūris ir fizinis pajėgumas) yra 
susiję su neurotrofiniais arba uždegiminiais kraujo veiksniais, bendru pilkosios medžiagos 
tūriu smegenyse bei neurometaboliniais ir pilkosios medžiagos tūrio pokyčiais penkiose 
pasirinktose smegenų srityse [23]. Nustatyta, kad: vyresnio amžiaus žmonės, turintys per mažą 
ar per didelį kūno svorį, turėjo mažesnį bendrą smegenų tūrį, su kuo buvo susijusi ir mažesnė 
plaštakos suspaudimo jėga. Be to, vyresnio amžiaus žmonės, turintys mažesnę plaštakos 
suspaudimo jėgą, turėjo mažesnį N-acetilaspartato lygį dviejose iš penkių išmatuotų smegenų 
sričių: užpakalinėje juostinėje žievėje ir dorsolateralinėje prefrontalinėje žievėje. Mažesnis 
šio neurometabolito lygis gali rodyti mažesnį nervinių ląstelių skaičių tūrio vienete, o tai yra 
neurodegeneracijos požymis. Galiausiai mažesnė plaštakos suspaudimo jėga buvo susijusi su 
didesne kinurenino koncentracija kraujo serume [23]. Didesnė kinurenino koncentracija kraujo 
serume taip pat buvo susijusi su neurometaboliniais pokyčiais, atspindinčiais neurouždegimą 
ir neurodegeneraciją [22]. Tai leidžia manyti, kad plaštakos suspaudimo jėga ir kinureninas 
gali būti potencialūs smegenų sveikatos vertinimo rodikliai [22][23].

Trečiojoje dalyje (5–8 skyriai) pristatomi su vyresnio amžiaus žmonėmis atliktų 
intervencinių tyrimų rezultatai. Buvo tiriama, ar apatinių galūnių jėgos treniruotės gali daryti 
poveikį vyresnio amžiaus žmonių cirkuliuojantiems kraujo veiksniams (IL-6, kinureninui 
ir IGF-1), su neurodegeneracija ir neurouždegimu susijusiems neurometabolitams, 
subregioniniam pilkosios medžiagos tūriui hipokampe arba kognityvinei funkcijai. Taip 
pat siekta nustatyti, ar yra ryšys tarp šių pokyčių eksperimentinėje grupėje.

Pirmajame intervenciniame tyrime (penktasis skyrius) kognityviniai pokyčiai lyginti iš 
karto po vienos didelio intensyvumo jėgos treniruotės su kontrolinės grupės rezultatais 
[24]. Kognityvinėms funkcijoms tirti buvo naudojamos trys kompiuterizuotos kognityvinės 
užduotys bei bendra pusiausvyros ir kognityvinė užduotis (dviguba užduotis) [24]. 
Dvigubos užduoties metu tiriamieji turėjo išlaikyti pusiausvyrą stovėdami Rombergo testo 
padėtyje ant jėgos plokštės ir tuo pat metu spręsti matematikos uždavinį. Šiuo tyrimu 
patvirtinta, kad ir vienkartinė jėgos treniruotė pagerina darbinę atmintį. Panašus fizinio 
krūvio poveikis, trunkantis maždaug 15–60 minučių, buvo pastebėtas ir kituose tyrimuose.

Antrajame intervenciniame tyrime (rezultatai pateikiami šeštajame ir septintajame 
skyriuose) vertintas 12-kos savaičių trukmės vidutinio ir didelio intensyvumo jėgos 
treniruočių poveikis
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70-čiai vyresnio amžiaus žmonių, turinčių arba nepažeistas kognityvines funkcijas, 
arba padidėjusią lengvojo kognityvinio sutrikimo (LKS) riziką [25][26]. Nustatyta, kad 
vyresnio amžiaus žmonės, turintys padidėjusią LKS riziką, turėjo aukštesnį kinurenino lygį 
ir mažesnį ramsčio (hipokampo dalis) tūrį, palyginti su nepažeistas kognityvines funkcijas 
turinčiais asmenimis. Pastebėtas nereikšmingas

IL-6 kiekio ir bendro N-acetilaspartato kiekio padidėjimas hipokampe ir su amžiumi 
susijęs hipokampo dantytosios klostės pilkosios medžiagos tūrio sumažėjimas, poveikio 
dydis – vidutinis. Remiantis hipokampo tūrio tyrimo rezultatais, eksperimentinės grupės 
tiriamieji veikiau išvengė tolesnio tūrio mažėjimo, nes bendro padidėjimo nenustatyta. 
Galima spėti, kad tyrimo rezultatai būtų reikšmingi, jeigu intervencija būtų trukusi ilgiau. 
Manoma, kad būtina bent šešių mėnesių trukmės intervencija, ką reikėtų patvirtinti kitais 
tyrimais. Be to, eksperimentinėje grupėje, palyginti su kontroline grupe, stebėtas

„Go/No-go“ testo rezultatų pagerėjimas, bet buvo reikšmingas tik tiems, kuriems 
buvo nustatyta didelė LKS rizika. „Go/No-go“ testas yra atsako slopinimo testas, kurio 
metu tiriamieji turi kuo greičiau sureaguoti į „Go“ signalą, bet nereaguoti į „No-go“ signalą. 
Tai vykdomųjų funkcijų sudedamoji dalis.

12-kos savaičių intervencinis tyrimas vyresnio amžiaus žmonėms buvo vykdomas 
ir prasidėjus COVID-19 ligos pandemijai, kas sukėlė papildomų sunkumų įtraukiant 
tiriamuosius ir tęsiant tyrimus. Kai kurie vyresnio amžiaus tiriamieji nusprendė pasitraukti 
iš tyrimo arba buvo priversti pasitraukti dėl ligos. Svarbu paminėti, kad COVID-19 liga, 
kurią sukelia koronavirusas SARS-CoV-2, gali turėti neurologinių pasekmių, o tai galėjo 
paveikti tyrimų rezultatus. Tačiau dėl to atsirado unikali galimybė palyginti trijų tiriamųjų 
struktūrinius ir neurometabolinius smegenų pokyčius prieš ir po COVID-19 ligos (aštuntasis 
skyrius) [27]. Šioje atvejo analizėje nustatyti neurometaboliniai pokyčiai hipokampe, kurie 
gali rodyti neurouždegimą iškart po pasveikimo nuo COVID-19 ligos. Galiausiai nustatyta, 
kad eksperimentinėje grupėje tiriamųjų, sirgusių COVID-19 liga, hipokampo tūris padidėjo. 
Tai prieštarauja ankstesniam teiginiui, kad eksperimentinėje grupėje, vertinant bendrai, 
hipokampo tūris nepasikeitė. Taigi po jėgos treniruočių kai kurių tiriamųjų hipokampo 
tūris vis dėlto padidėjo, bet manoma, kad COVID-19 liga tam įtakos neturėjo.

Ketvirtojoje disertacijos dalyje (9–11 skyriai) pateikiami visi tyrimai, susiję su 
asmenimis, patyrusiais stuburo smegenų traumą. Devintąjį skyrių sudaro literatūros 
apžvalga, kur daroma išvada, kad šioje populiacijoje pasireiškia pagreitėjęs su amžiumi 
susijęs kognityvinis silpnėjimas, kurį bent iš dalies lemia lėtinė neurouždegiminė 
reakcija, kylanti iš stuburo smegenų traumos vietos [28]. Remiantis ankstesniais tyrimais 
ir žiniomis apie vyresnio amžiaus žmones, darbe keliama hipotezė, kad priešuždegiminis 
ir neurotrofinis fizinio krūvio poveikis galėtų užkirsti kelią arba atitolinti kognityvinį 
silpnėjimą asmenims, patyrusiems stuburo smegenų traumą. Tačiau atlikus sisteminę šios 
temos apžvalgą nerasta intervencinių tyrimų, kuriuose būtų vertinamas ryšys tarp fizinio 
krūvio ir kognityvinių funkcijų šioje populiacijoje [28]. Todėl atliktas pirmasis intervencinis 
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tyrimas (10-asis skyrius), kurio tikslas buvo įvertinti trumpalaikį raumenų treniravimo su 
mažo arba didelio intensyvumo neuroraumenine elektros stimuliacija poveikį laktato, IGF-
1 koncentracijai ir informacijos apdorojimo greičiui [29]. Tyrimas vykdytas kryžminiu būdu. 
Nustatyta, kad po abiejų intervencijų laktato lygis tiriamiesiems padidėjo reikšmingai. 
Anksčiau buvo įrodyta, kad laktatas turi teigiamą tiesioginį ir netiesioginį poveikį 
neuroplastiškumo procesams smegenyse [30][31]. Tačiau atlikus tyrimą nenustatyta 
reikšmingo IGF-1 padidėjimo ar reikšmingo informacijos apdorojimo greičio padidėjimo. 
Papildomai nustatyta, kad nuo stuburo smegenų traumos praėjęs ilgesnis laikotarpis 
buvo susijęs su mažesniais

IGF-1 pokyčiais mažo intensyvumo fizinio krūvio grupėje, o aukštesnis traumos vietos 
lygis buvo susijęs su mažesniu informacijos apdorojimo greičio padidėjimu. Remiantis 
šiais rezultatais sukurtas naujas intervencinis tyrimas, kurio metu atliekama 12-kos 
savaičių trukmės neuroraumeninė elektros stimuliacijos intervencija (11-asis skyrius). 
Šis tyrimas vis dar vykdomas Mastrichto universitete, Nyderlanduose, tačiau tyrimo 
protokolas įtrauktas į disertaciją [32].

Apibendrinant, neuromoksliniais tyrimais su gyvūnais nustatytas ekserkinų poveikis 
sinapsiniam plastiškumui [1]. Tai rodo, kad ekserkinai galėtų bent iš dalies prisidėti prie 
teigiamo fizinio krūvio poveikio kognityvinėms funkcijoms. Padidėjęs kinurenino lygis 
kraujo serume ir sumažėjusi plaštakos suspaudimo jėga gali būti smegenų senėjimo 
požymiai vyresnio amžiaus žmonėms. Jie turėtų siekti palaikyti sveiką kūno riebalų 
procentą, nes tiek nepakankamas svoris, tiek nutukimas yra susiję su smegenų tūrio 
mažėjimu. Ir vienkartinė treniruotė, ir 12-kos savaičių jėgos treniruočių intervencija turi 
teigiamą poveikį vyresnio amžiaus žmonių vykdomosioms funkcijoms, tai įrodyta per 
darbinės atminties sveikiems vyresniems žmonėms ir kognityvinio slopinimo padidėjusią 
LKS riziką turintiems vyresniems žmonėms užduotis. IGF-1 (fizinio aktyvumo grupėje) ir IL-6 
(visiems tiriamiesiems) padidėjimas yra susijęs su darbinės atminties pagerėjimu. Tačiau 
šie rezultatai turi būti patvirtinti didesnės apimties, ilgesniuose tyrimuose.

Iš paskutiniosios šios disertacijos dalies galima daryti išvadą, kad asmenims, 
patyrusiems stuburo smegenų traumą, pasireiškia pagreitėjęs kognityvinių funkcijų 
senėjimas, kurį galimai iš dalies lemia lėtinis neurouždegimas. Iki šiol nebuvo tyrimų, 
kuriuose būtų nagrinėjamas fizinio aktyvumo poveikis kognityvinėms funkcijoms 
ar smegenų sveikatai šioje populiacijoje. Dėl to atliktas pilotinis tyrimas, kurio metu 
intervencija susidėjo iš vienos neuroraumeninės elektros stimuliacijos sesijos. Nustatytas 
laktato padidėjimas, tačiau IGF-1 ar kognityvinių pokyčių atliekant informacijos 
apdorojimo greičio testą nerasta. Remiantis žiniomis, įgytomis rengiant disertaciją, 
visiems rekomenduotina rinktis daugiakomponentį fizinį aktyvumą motyvuojančioje, 
malonioje aplinkoje ir jį palaikyti visą gyvenimą, kad būtų galima išvengti arba atitolinti 
kognityvinį senėjimą.
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