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General Introduction

1

SUBArAcHnoiD HemorrHAGe

Subarachnoid hemorrhage (SAH) is a subtype of stroke that requires acute medical 
attention. Hippocrates was probably the first to describe the clinical presentation of 
SAH (460-370 BC). In his aphorisms on apoplexy he wrote: ‘When persons in good health 
are suddenly seized with pains in the head, and straightway are laid down speechless, and 
breathe with stertor, they die in seven days, unless fever come on’.1 The fact that cerebral 
aneurysms exist and could rupture was only recognized in the 19th century by Dr. Byrom 
Bramwell.2 It took until the early 20th century until the major symptoms were described, 
and the term ‘spontaneous subarachnoid hemorrhage’ was introduced by Sir Charles P. 
Symonds.3 Nowadays, a spontaneous SAH refers to the extravasation of blood into the 
subarachnoid space not resulting from a trauma. The subarachnoid space is the area 
between the pia mater and arachnoid mater where cerebrospinal fluid circulates (Figure 
1). SAH is in approximately 85% caused by a ruptured aneurysm in one of the intracranial 
arteries, in 10% of the cases it concerns a non-aneurysmal peri-mesencephalic bleeding 
(centered on the basal cisterns around the midbrain), and in 5% it is caused by a variety 
of conditions (i.e. cerebral arteriovenous malformations or arterial dissection).4 This 
thesis focusses on patients with spontaneous aneurysmal subarachnoid hemorrhage 
(a-SAH).

Figure 1. Representation of a section across the top of the skull, showing the subarachnoid space.
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ePiDemioLoGY

The incidence of a-SAH has remained stable over the last few decades and is approxi-
mately 9 per 100,000 persons per year, and accounts for 5% of all stroke cases.4 Because 
it strikes at a fairly young age (on average 55 years), the total loss of productive life years 
is almost similar to that for cerebral ischemia or intracerebral haemorrhage.5 Advances in 
diagnostics and neurosurgical treatment have increased the chance of surviving an a-SAH 
and todays’ survival rate reaches 65%.6 Since more patients survive the acute phase, it has 
become increasingly important to understand the long-term consequences of a-SAH.

cLinicAL mAniFeStAtion, DiAGnoSiS AnD treAtment

The classical feature of a-SAH is a severe headache with an acute onset (i.e. thunderclap 
headache). Additional symptoms are vomiting, nausea, loss of consciousness, stiff neck, 
and sometimes seizures.7 The diagnosis is confirmed by computerized tomography (CT) 
of the brain and in cases with negative CT by lumbar puncture. Once the diagnosis has 
been confirmed, immediate intervention is required aiming at cardiovascular stabi-
lization and securing the ruptured aneurysm. The traditional method of treatment is 
neurosurgical clipping, which was first performed by neurosurgeon W.E. Dandy in 1937.8 
It is an invasive procedure involving craniotomy followed by the placement of a clip 
around the neck of the aneurysm. Advances in neurosurgical techniques have led to the 
introduction of endovascular coiling by neurosurgeon G. Guglielmi in 1991.9 In endo-
vascular coiling, a catheter is led via the femoral artery to the parent artery where the 
aneurysm is located. When the platinum coils react with the blood, thrombosis occurs 
which will stop the circulation in the aneurysm. Endovascular coiling has evolved to be 
the preferential treatment and gives better clinical outcome than neurosurgical clipping 
in most patients with a-SAH.10

oUtcome oF SUBArAcHnoiD HemorrHAGe

Of all patients who survive the initial weeks, 85% will regain independence in basic 
activities of daily living.11, 12 However, the incidence of clinical deficits may be higher 
than previously thought.13 Fatigue is the most frequently reported complaint (reported 
in 30-91%), and may be present up to seven years post onset.14 Half of the patients have 
symptoms of anxiety and depression in the second year and disturbances in executive 
functioning and mood have been reported at four years post a-SAH.12, 14, 15 These long 
term sequelae can have a detrimental impact on daily living, with approximately half of 
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the patients not being able to resume previous activities, and only one-third being able 
to fully return their previous occupation.16, 17 Especially, because patients with a-SAH are 
relatively young, these restrictions can have a long-lasting impact on daily life.

Since fatigue plays an overwhelming role in daily life of most survivors,14 patients may 
be at risk of low fitness with physical inactive and sedentary lifestyles. Durstine et al. 
hypothesized that fatigue, fitness and physical activity interact with each other, and that 
fatigue can easily lead to a vicious circle of deconditioning.18 Low fitness and physical 
inactivity have been frequently reported in chronic conditions, and seem to play an im-
portant role in the long-term outcomes.18 Studies on physical fitness, physical activity or 
sedentary behavior are lacking in a-SAH. This may be since it is assumed that most a-SAH 
patients have a favorable outcome, and therefore they have frequently been excluded 
from stroke rehabilitation research. Insights in the levels of physical fitness, physical 
activity and sedentary behavior may contribute in understanding the consequences of 
a-SAH and in improving rehabilitation programs.

In this thesis, we focus on physical fitness, physical activity and sedentary behavior in 
the first year after a-SAH. Being physically fit is defined as ‘having the ability to carry out 
daily activities with vigor and alertness, without undue fatigue and with ample energy 
to enjoy leisure time activities, and to meet unforeseen emergencies’.19 Physical fitness is 
a major contributor to a healthy lifestyle particularly because of its’ inverse relationship 
to all-cause mortality.20 Physical fitness is believed to be a prerequisite for optimizing 
and maintaining physical activities in daily life,19 and the prevention of secondary health 
complications.18, 21 Physical activity and sedentary behavior are two distinct constructs 
of physical behavior.22 Physical activity refers to ‘any bodily movement produced by 
skeletal muscles that requires energy expenditure’ and contributes to the primary and 
secondary prevention of chronic diseases, including cardiovascular disease, cancer, dia-
betes mellitus, hypertension and obesity.19, 23 Sedentary behavior refers to activities that 
require low levels of energy expenditure and involve sitting and lying activities during 
waking hours.28 Sedentary behavior negatively impacts metabolism and cardiovascular 
health, independent of the volume of physical activity.24, 25 Consequently, sufficient 
physical activity with little sedentary behavior is recommended for optimal health.23, 26

A better understanding of physical fitness, physical activity and sedentary behavior may 
hold important implications for rehabilitation in a-SAH. Rehabilitation has the potential 
to minimize the consequences of a disease with the ultimate goal of restoring partici-
pation. Physical fitness, physical activity, and sedentary behavior are known targets to 
improve health in the general population and in different patient populations, includ-
ing patient with hemorrhagic or ischemic stroke.18, 23, 26, 27 Furthermore, higher levels of 
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physical fitness may provide a physical reserve to fatigue, and a margin of safety during 
physical demanding activities.18, 23 However, studies on physical fitness, physical activity 
and sedentary behavior are lacking in a-SAH.

Aim oF tHiS tHeSiS

The goal of this thesis was to gain insights in the level of physical fitness, physical activ-
ity and sedentary behavior in the first year after a-SAH. Objective measures of fitness, 
activity and sedentary behavior were collected at six and twelve months post a-SAH 
and compared to that of sex and age-matched controls. Follow-up was applied to study 
changes in fitness, activity and sedentary behavior over time. Furthermore, we explored 
whether physical deconditioning (i.e. low fitness and inactive and sedentary lifestyles) 
plays a role in fatigue, and whether we could identify subgroups at risk of poor outcomes.

oUtLine tHeSiS

This thesis describes the results of a one-year follow-up study on physical fitness, physi-
cal activity and sedentary behavior in patients with a-SAH. chapter 2 evaluates physical 
activity and sedentary behavior of patients at six months post a-SAH. Different types 
of physical activity and sedentary behavior were distinguished, the total volume of 
physical activity and sedentary behavior determined, and distribution metrics analyzed. 
Outcome measures were compared to that of a sex- and age-matched comparison 
group. chapter 3 describes results regarding the isokinetic knee muscle strength at six 
months post a-SAH. Patients were individually matched to a healthy control based on 
sex and age. Since fatigue is one of the most distressing complaints in a-SAH, maximal 
isokinetic knee muscle strength has been explored in fatigued and non-fatigued pa-
tients. chapter 4 provides insights into the cardiorespiratory fitness of patients at six 
months post onset. Progressive cardiopulmonary exercise testing (CPET) was performed 
from which the peak oxygen uptake (V ̇O2peak) was determined. The cardiorespiratory 
fitness of patients was compared to that of sex- and age-matched controls. chapter 
5 describes whether the six-minute walk test (6MWT) is a valid alternative to progres-
sive CPET, in order to predict V ̇O2peak in a-SAH. chapter 6 evaluates follow-up measures 
of physical fitness, and explores relationships between fitness and physical activity, 
sedentary behavior and functional outcome. Further, it aims to identify patients at risk 
of low fitness by evaluating disease-related characteristics. chapter 7 describes the 
prevalence of fatigue over the first year, and explores whether physical deconditioning, 
as reflected by low fitness and inactive and sedentary lifestyles, plays a role in fatigue. 
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Secondary, it explores whether the severity of fatigue could be predicted by disease-
related characteristics which may help to target future interventions. chapter 8 is the 
general discussion of this thesis and presents the main findings, discusses unanswered 
questions and proposes future research directions and clinical implications.
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ABStrAct

Background: Aneurysmal subarachnoid hemorrhage (a-SAH) is a potential life-
threatening stroke. Because survivors may be at risk of inactive and sedentary life-
styles, this study evaluates physical activity (PA) and sedentary behavior (SB) in the 
chronic phase after a-SAH.

methods: PA and SB were objectively measured at six months post a-SAH with an 
accelerometer-based activity monitor, with the aim to cover three consecutive week-
days. Total time spent in PA (comprising walking, cycling, running and non-cyclic 
movement) and SB (comprising sitting and lying) was determined. Also, in-depth 
analyses were performed to determine the accumulation and distribution of PA and 
SB throughout the day. Binary time series were created to determine the mean bout 
length and the fragmentation index. Measures of PA and SB in persons with a-SAH 
were compared to that of sex- and age-matched healthy controls.

results: The 51 participants comprised 33 persons with a-SAH and 18 controls. None 
of the participants had signs of paresis or spasticity. Persons with a-SAH spent 105 
min/24 h being physically active, which was 35 min/24 h less than healthy controls 
(p=0.005). For PA, compared with healthy controls, the mean bout length was shorter 
in those with a-SAH (12.0 vs. 13.5 sec, p=0.006) and the fragmentation index was 
higher (0.053 vs. 0.041, p<0.001). There were no significant difference between 
groups for total SB during waking hours (514 min vs. 474 min, p=0.291). For SB, the 
mean bout length was longer in persons with a-SAH (122.3 vs. 80.5 sec, p=0.024), 
whereas there was no difference between groups for the fragmentation index (0.0032 
vs. 0.0036, p=0.396).

conclusions: Persons with a-SAH are less physically active, they break PA time into 
shorter periods, and SB periods last longer compared to healthy controls. Since inac-
tive lifestyles and prolonged uninterrupted periods of SB are independent risk factors 
for poor cardiovascular health, interventions seem necessary and should address 
both PA and SB.
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introDUction

Aneurysmal subarachnoid hemorrhage (a-SAH) is caused by a bleeding of a ruptured 
aneurysm which leads to the extravasation of blood into the subarachnoid space.1 It 
accounts for 5% of all stroke cases and has an incidence rate of 9 per 100,000 persons per 
year and a mortality rate of 50%.1, 2 Persons with a-SAH are relatively young compared 
with patients with ischemic or hemorrhagic stroke (55 years vs. 70 years).1, 3 Further, 
whereas ischemic or hemorrhagic stroke may lead to focal brain damage with specific 
stroke-related symptoms, brain damage in a-SAH has a more diffuse character without 
typical stroke symptoms.1 Those who survive an a-SAH are likely to experience long-term 
symptoms, such as cognitive problems (40%), emotional complaints (50%), depressive 
symptoms (40%), and fatigue (up to 91%).4-7 Even among those who are classified as 
having a ‘favorable outcome’, the incidence of clinical deficits is high.8

Persons with a-SAH seem to have difficulty with resuming their premorbid daily activi-
ties, and only one-third is able to fully resume their previous occupation.4, 9 The inability 
to perform daily activities may be a consequence of passive coping styles, depressive 
symptoms and fatigue.6, 8-10 Reduced physical fitness after a-SAH has been reported,11 
which may also hinder the performance of daily physical activities. Therefore, individu-
als with a-SAH may be at risk of inactive and sedentary lifestyles, placing them at risk 
of poor health outcomes.12-14 However, measures of daily PA and SB have not yet been 
studied in patients with a-SAH.

PA refers to ‘any bodily movement produced by skeletal muscles that requires energy 
expenditure’ and contributes to the primary and secondary prevention of chronic dis-
eases, including cardiovascular disease, cancer, diabetes mellitus, hypertension and 
obesity.15, 16 SB, defined as a distinct class of activities that requires low levels of energy 
expenditure and involves sitting and lying activities during waking hours, negatively 
impacts metabolism and cardiovascular health.17, 18 Recent studies show that SB impacts 
cardiovascular health, independent of the volume of PA.18 Further, not only the total 
volume of PA or SB, but also the way PA and SB are accumulated seems to be important, 
i.e. prolonged bouts of PA are beneficial, whereas prolonged bouts of SB are found to be 
detrimental to cardiovascular health.18-21

Persons with stroke not caused by a-SAH are highly sedentary, with PA levels almost 
half that of healthy control subjects.22-24 In stroke rehabilitation, improving PA and SB is 
strongly recommended, as it provides protective benefits in the primary and secondary 
prevention of chronic diseases.16, 25 Inactive and sedentary lifestyles in ischemic or hem-
orrhagic stroke have been frequently explained in terms of motor impairment following 
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neuro-motor lesions. Since brain damage in a-SAH is more diffuse without typical stroke 
symptoms (such as paresis), it would be of interest to gain insight in the level of PA and 
SB in this patient group.

Despite its importance, PA and SB have not yet been studied in persons with a-SAH. 
Therefore, this study evaluates PA and SB in a-SAH. Objectively obtained measures of PA 
and SB were compared to those in sex- and age-matched healthy controls. This study 
can help to optimize recommendations to prevent chronic diseases and debilitating 
conditions after a-SAH, but can also be used to better understand the effects of differ-
ent types of stroke on daily PA and SB. Since individuals with a-SAH have difficulty in 
resuming their daily activities and have reduced physical fitness, we hypothesized that 
they would be less physically active and more sedentary compared to healthy controls.

metHoDS

Participants and study design

The present study (entitled HIPS-Rehab) was part of the ‘Hypopituitarism In Patients 
after Subarachnoid hemorrhage (HIPS) study’.26 In this study we investigate PA and SB in 
persons who were six months post a-SAH. Participants with a-SAH admitted to the de-
partment of Neurology of Erasmus University MC were eligible for inclusion if they were 
aged ≥18 years. Diagnosis of a-SAH was confirmed by computerized tomography (CT) 
of the brain and, in cases with negative CT, by lumbar puncture. Exclusion criteria were: 
hypothalamic or pituitary disease diagnosed prior to a-SAH, history of cranial irradia-
tion, trauma capitis prior to a-SAH, other intracranial lesion apart from a-SAH, and other 
medical or psychiatric condition or laboratory abnormality that may interfere with the 
outcome of the study. Participants were also excluded if they were aged ≥70 years. For 
comparison, we included healthy controls of similar sex (females; 64% vs. 72%, p=0.382) 
and age (52.6 vs. 51.0 years, p=0.548). Healthy controls were recruited by advertisement; 
controls wore identical activity monitors and similar measurement procedures were ap-
plied. The study was approved by the Medical Ethics Committee of Erasmus University 
Medical Centre, and all participants provided written informed consent.

Physical activity and sedentary behavior

Physical activity (PA) and sedentary behavior (SB) were objectively measured with an 
accelerometer-based activity monitor (VitaMove, 2M Engineering, Veldhoven, the 
Netherlands) (Figure 1). This monitor has demonstrated validity for quantifying body 
postures and movements in healthy subjects and in different patient groups.27-29
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The VitaMove activity monitor consists of three individual body-fixed recorder units, 
which are wirelessly connected and synchronized every 10 seconds. One recorder unit 
was attached to the trunk (sternum position) and one to each thigh, using specially de-
veloped elastic belts. Each unit has its own tri-axial accelerometer (Freescale MMA7260Q, 
Denver, USA), power supply and storage capacity. Participants wore the VitaMove on 
consecutive weekdays, except during swimming, bathing and sleeping. In line with 
previous research, the intended duration of measurement was three consecutive days, 
with a minimum of one day.30, 31 Further, the signal processing parameters were identi-
cal to the parameter settings of the validity studies.27-29 Mean values were calculated 
for multiple days of activity monitoring. Participants were instructed to continue their 
ordinary daily activities. The principles of the measurements were explained after all 
measurements were completed to avoid measurement bias. In addition, participants 
kept activity diaries to report reasons of non-wear periods of the activity monitor.

Data processing

Accelerometer signals of each recorder unit were continuously measured and stored 
(128 Hz) on a micro Secure Digital memory card. Accelerometer signals were down-
loaded on a computer for kinematic analyses using specially developed VitaScore 
software (VitaScore BV, Gemert, the Netherlands). Waking hours were determined by 
the researcher (WH) using the diaries filled out by the participants and by inspection of 
the raw data signals; specifically, ongoing flatlines indicate that the recorder units were 
taken off. Body postures and movements (e.g. lying, sitting, standing, walking, cycling, 
running and non-cyclic movements) were automatically detected with a 1-second time 
resolution from the feature time series (i.e. angle, frequency and motility) derived from 

Figure 1. Placement of the VitaMove activity monitor is shown in (A), and a typical output derived from 
the raw accelerometer signals is presented in (B). The pattern of these signals determines corresponding 
activities. A sequence of activities is presented: sitting, standing, walking, running, walking, cycling, walk-
ing, standing and sitting.
Abbreviations: TR=Trunk sensor; RL=Right leg sensor; LL=Left leg sensor; Lon=longitudinal axis; 
Sag=sagittal axis; Tra=transversal axis.
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the measured accelerometer signals. The motility feature expresses the intensity of the 
movement of the body segment to which the unit is attached, and depends on the vari-
ability of the acceleration signal; motility can be compared to counts that are calculated 
in regular activity monitors (calculated in gravitational force (g), 1 g=9.81 m/s2). During 
walking, the body motility signal (i.e. the mean of the leg and trunk motility signals) 
corresponds to walking speed.32 The minimum duration threshold for each activity was 5 
seconds. A detailed description of the algorithms and analysis is published elsewhere.28, 30

In-depth analyses were performed to quantify the accumulation and distribution met-
rics of PA and SB. For PA, the four detected body movements (walking, cycling, running, 
and non-cyclic movements) were categorized into one PA category; a similar procedure 
was followed for SB (covering lying and sitting activities). Binary time series of either 
PA (yes=1, no=0) and SB (yes=1, no=0) were created using custom-made MATLAB algo-
rithms. A period of uninterrupted samples of PA (or SB) was classified as a bout. Due to 
the minimum duration threshold of 5 seconds, bouts and periods between bouts lasted 
at least 5 seconds.

outcome measures

Volume, intensity and distribution of PA and SB
To determine the volume of PA, we calculated the total time spent in the four detected 
body movements during waking hours. The volume of total SB was determined by 
evaluating the total time of sitting and lying activities during the waking hours. Volume 
measures were then expressed as a percentage of a 24h period, and as a percentage 
of waking hours. The mean motility of PA and the mean motility of walking were also 
determined and expressed in g (1 g=9.81 m/s2).

Binary time series were used to determine the accumulation and distribution of either PA 
and SB. The total number of bouts and mean bout length (in seconds) were calculated. 
Since the mean bout length was not normally distributed, the natural logarithm was taken. 
The mean log length was back transformed to the original scale. The fragmentation index 
was calculated and reflects the ratio between the number of PA (or SB) bouts divided by 
the total PA (or SB) time.33 A higher fragmentation index indicates that total PA (or SB) time 
is more fragmented, which means that there are less prolonged periods of PA (or SB).34

Participants’ characteristics
At hospital intake, the following clinical characteristics were obtained including: 1) 
the severity of a-SAH according to the grading of the World Federation of Neurologic 
Surgeons (low-grade: I-III or high-grade: IV-V)35, 36 and the Glasgow Coma Scale (GCS) 
score,37 2) location of the aneurysm (anterior or posterior circulation), 3) treatment pro-
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cedure (surgical clipping or endovascular treatment), 4) presence of secondary health 
complications (re-bleed, delayed cerebral ischemia, hyponatremia, hydrocephalus and 
growth hormone deficiency; defined as an insufficient growth hormone (GH) response 
to a GH-releasing hormone -arginine test),38 and 5) neurologic comorbidity (paresis or 
spasticity). Neurologic morbidity (such as paresis or spasticity) was evaluated by treat-
ing neurologist. Information on the following characteristics and body anthropometrics 
were collected from both groups: sex, age, weight, height and Body Mass Index (BMI).

Statistical analyses

All data are expressed as mean (SD) unless otherwise indicated. To compare the clinical 
characteristics between participants of HIPS-Rehab and those who did not participate 
(but included in HIPS), we used independent t-tests for continuous data and chi-square-
tests for categorical data. To compare the characteristics and measures of physical 
behavior between individuals with a-SAH and controls, independent t-tests were ap-
plied for continuous data and chi-square tests for categorical data. All analyses were 
performed using IBM SPSS Statistics, version 20. A probability value of p<0.05 was 
considered statistically significant.

reSULtS

Of the 241 patients admitted to the ICU with a diagnosis of a-SAH, 84 were included in 
HIPS of which 52 volunteered to participate in HIPS-Rehab. Participants in HIPS-Rehab 
(n=52) did not differ from those who did not participate (but included in HIPS; n=32) 
regarding the severity of a-SAH, location of the aneurysm, treatment procedure, and 
the presence of secondary health complications (data not presented). Of the 52 par-
ticipants, successful activity monitoring measurements were obtained from 33: of the 
19 unsuccessful attempts, six refused to wear the activity monitor, in four persons data 
processing was unsuccessful due to technological failure, and 9 were aged ≥70 years 
(Figure 2).

Table 1 presents the clinical characteristics. Most persons with a-SAH underwent en-
dovascular coiling (82%) and most had a lesion in the anterior circulation (61%). The 
neurological scores showed that 29 participants had a low-grade a-SAH (88%) and a 
mean GCS-score of 14.0 (SD 2.0). None of the participants had a paresis or showed signs 
of spasticity.

Due to challenges with activity monitoring, data were not available for all participants 
for the intended three days of measurement. The duration of measurement was 3 days 
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in 42% of the patients and in 83% of the controls; 2 days in 48% of the patients and in 
6% of the controls; and 1 day in 9% of the patients and in 11% of the controls. Mean daily 
wear time did not differ between groups, 13.7 h (SD 1.8) vs. 14.1 h (SD 1.3), respectively, 
(95% CI of the difference: -1.4 h to 0.5 h; p=0.372).

Table 2 presents the characteristics of the two groups: persons with a-SAH did not 
differ from healthy controls regarding sex (p=0.382), age (p=0.548), weight (p=0.231) 
and height (p=0.062), but had a higher BMI (p=0.002). Table 2 also presents the volume 
measures of PA and SB in the two groups. Persons with a-SAH spent 105 min/24 h (7.3%) 

Enrolled in HIPS
(n=84)

Enrolled in HIPS-Rehab
(n=52)

Died on ICU (n=48)

Patients discharged from ICU
(n=193)

Not included in HIPS (n=109)

- met exclusion criteria n=51
- Refusal HIPS n=38
- Discharged prior to inclusion n=20

Patients with a-SAH 
admitted to the ICU

(n=241)

Not included in HIPS-Rehab (n=32)

- Refusal HIPS-Rehab n=27
- Deceased n=2
- Unknown reasons           n=3

No Vitamove measurements (n=15)

-  70 years n=9
- Refusal n=6

Vitamove measurements
(n=37)

Successful Vitamove 
measurements

(n=33)

Excluded from analyses (n=4)

- Technological failure n=4

Figure 2. Consort flow diagram
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being physically active, which is 35 min/24 h (2.4%) less compared with that of healthy 
controls (140 min/24 h (9.7%); p=0.005); in particular, patients participated less in cycling 
activities (3 min/24 h (0.2%) vs. 27 min/24 h (1.9%); p<0.001).

Total sedentary time did not differ between those with a-SAH and healthy controls; 514 
min/24 h (35.7%) vs. 473 min/24 h (32.9%; p=0.291), respectively. Also, there was no dif-
ference between groups for total standing time, i.e. 200 min/24 h (13.9%) vs. 233 min/24 
h (16.2%; p=0.164), mean PA motility and mean walking motility (p=0.442 and p=0.503, 
respectively).

Mean bout length of PA in persons with a-SAH was shorter than in controls (12.0 sec 
vs. 13.5 sec; p=0.006), and the PA fragmentation index was higher (0.053 vs. 0.041; 
p<0.001), indicating that PA periods were shorter, and that total time spent in PA was 

table 1. Descriptive characteristics.

Characteristics Participants with a-SAH
(n=33)

Sex, female, n (%) 21 (64)

Age (years), mean (SD) 52.6 (9.0)

WFNS grade, n (%)

 I 16 (48) 

 II 13 (39) 

 III 1 (3) 

 IV 3 (9) 

 V 0 (-) 

Glasgow Coma Scale score, mean (SD) 14.0 (2.0)

Location aneurysm, n (%)

 - Anterior circulation 20 (61) 

 - Posterior circulation 13 (39) 

Aneurysm treatment, n (%)

 - Endovascular coiling 27 (82) 

 - Surgical clipping 6 (18) 

Complications, n (%)

 - Re-bleed 0 (-)

 - Delayed cerebral ischemia 7 (21)

 - Hyponatremia 4 (12)

 - Hydrocephalus 9 (27)

 - Growth Hormone Deficiency 2 (6)

Abbreviations: WFNS grade, World Federation of Neurologic Surgeons grading system for subarachnoid 
hemorrhage.
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more fragmented in persons with a-SAH. Mean bout length of SB was longer in persons 
with a-SAH (122.3 sec vs. 80.5 sec; p=0.024), whereas the SB fragmentation index did not 

table 2. Characteristics and results of activity monitoring measurement.

Characteristics Participants with a-SAH 
(n=33)

Healthy controls
(n=18)

95% CI of the 
difference p-value

Sex, females, n (%) 21 (64) 13 (72) - 0.382

Age (years), mean (SD) 52.6 (9.0) 51.0 (8.6) -3.7 to 6.8 0.548

Weight (kg), mean (SD) 75.6 (13.0) 71.4 (9.1) -2.7 to 11.1 0.231

Height (m), mean (SD) 1.67 (0.1) 1.72 (0.1) -11.7 to 0.3 0.062

BMI (kg/m2), mean (SD) 27.1 (3.8) 23.9 (2.0) 1.2 to 4.7 0.002

Activity profilesa, mean (SD)

% Physical activity 7.3 (3.0) 9.7 (2.1) -3.9 to -0.8 0.005

 - % Walking 4.7 (2.4) 4.7 (1.3) -1.2 to 1.3 0.964

 - % Cycling 0.2 (0.4) 1.9 (1.7) -2.3 to -1.1 <0.001

 - % Running 0.0 (0.0) 0.1 (0.3) -0.2 to -0.02 0.018

 - % Non-cyclic movement 2.4 (1.7) 3.0 (1.1) -1.5 to 0.3 0.200

% Standing 13.9 (5.4) 16.2 (5.7) -5.6 to 1.0 0.164

% Sedentary behavior 35.7 (9.9) 32.9 (7.6) -2.5 to 8.3 0.291

 - % Sitting 32.5 (10.1) 30.7 (7.7) -3.6 to 7.3 0.502

 - % Lying 3.2 (3.5) 2.2 (1.8) -0.8 to 2.8 0.253

% Non-wearb 43.0 (7.3) 41.2 (5.6) -2.2 to 5.8 0.372

intensity, mean (SD)

Motility physical activity (g)c 45.6 (11.9) 47.8 (8.6) -7.5 to 3.3 0.442

Motility walking (g)C 37.6 (9.9) 39.7 (7.7) -8.6 to 4.3 0.503

Note: Duration of activities as a percentage of 24 hours.
a Physical behavior was monitored on consecutive weekdays in the free-living situation;
b Non-wear is the time that participants did not wear the activity monitor (also reflects nighttime);
C g=gravitational forces *100.

table 3. Distribution of physical activity and sedentary behavior.

Distribution metrics
mean (SD)

Participants with 
a-SAH (n=33)

Healthy controls
(n=18)

95% CI of the 
difference p-value

Physical activity

Mean bout length (s) a 12.0 (1.9) 13.5 (1.2) -2.4 to -0.4 0.006

Fragmentation index b 0.053 (0.01) 0.041 (0.01) 0.006 to 0.019 <0.001

Sedentary Behavior

Mean bout length (s) a 122.3 (71.5) 80.5 (35.6) 5.6 to 78.0 0.024

Fragmentation index b 0.0032 (0.002) 0.0036 (0.002) -0.001 to 0.001 0.396

Note: The minimum bout length lasted at least 5 seconds. a Uninterrupted bouts with a minimum length of 
5 seconds. b Fragmentation index represents the ratio between the number of sedentary bouts divided by 
the total time being sedentary.
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differ between groups (p=0.396). This indicates that SB periods lasted longer in persons 
with a-SAH, but the way in which total SB was distributed did not differ between groups 
(Table 3).

DiScUSSion

The present study shows that persons with a-SAH have physically inactive and sedentary 
lifestyles, placing them at increased risk for poor health outcomes.12-14 Persons with a-
SAH are less physically active, they break PA time into shorter periods, and SB periods 
last longer compared to healthy controls. This is the first study on PA and SB in persons 
with a-SAH. The objectively obtained measures of PA and SB have meaningful implica-
tions in stroke rehabilitation because our findings reveal that inactive and sedentary 
lifestyles are present in absence of motor impairments. Given the importance of optimal 
PA and SB,21, 22 therapeutic interventions are warranted. The present findings may help 
to improve interventions (targeting both PA and SB) in order to prevent debilitating 
conditions in a-SAH.

In-depth analysis of PA revealed that persons with a-SAH break their PA time into shorter 
periods, which is not beneficial from a health perspective.21 These interruptions may be 
explained by an increased number of moments of rest, possibly related to higher fatiga-
bility, cognitive dysfunction, and/or lower cardiorespiratory fitness.5, 7 The most recent 
guidelines of the WHO recommend an accumulation of PA time, i.e. uninterrupted PA of 
at least 10 minutes, as this is an important aspect of healthy PA.39 Therefore, therapeutic 
interventions should not only target the total volume of PA, but should also improve the 
accumulation of PA time in persons with a-SAH.

Sedentary time, particularly accumulated in long uninterrupted periods, negatively 
impact cardiovascular health, independent of the volume of PA.18 In-depth analysis of 
SB revealed that SB periods lasted longer in persons with a-SAH. However, the SB frag-
mentation index did not differ, indicating that the way total SB is distributed in a-SAH 
is similar to that in healthy controls. This could be explained by the fact that the total 
sedentary time was somewhat higher (albeit not significant) in a-SAH than in healthy 
controls. Since SB periods lasted longer in those with a-SAH than in controls, breaking 
prolonged uninterrupted SB periods may represent another therapeutic target to pro-
vide additional health benefits in persons with a-SAH.

In patients with stroke not caused by a-SAH, the most commonly used objective mea-
sures of PA are step or activity counts per day; these counts are reported to be almost half 
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those of healthy controls.22-24 The present study explored activity profiles beyond simple 
step or activity counts and distinguished different types of PA. Overall, persons with a-
SAH spent 25% less time in PA than healthy controls (105 vs. 140 min/24 h, respectively). 
However, the total volume of walking activities did not differ between groups; this is in 
line with an accelerometer-based study on walking activities in patients with stroke.40 
Furthermore, compared with controls, persons with a-SAH participated particularly less 
in cycling activities and, to a lesser extent, in running activities.

Interestingly, physically inactive and sedentary lifestyles after a-SAH seem not be related 
to motor impairments like in patients with ischemic or hemorrhagic stroke, and there-
fore other mechanisms should underlie our findings. For example, PA may be limited by 
impaired cardiorespiratory fitness, cognitive dysfunction, anxiety or fatigue. Feelings of 
anxiety after a-SAH can highly restrict participation in daily activities.41, 42 Furthermore, 
PA can also be limited by concentration problems,5, 43, 44 e.g. cycling activities are more 
demanding due to participation in traffic and multitasking. However, future studies are 
warranted to investigate the barriers and facilitators of PA after a-SAH, and should take 
into account mechanisms of physical deconditioning, cognitive dysfunction, anxiety 
and fatigue.

In persons with a-SAH, total sedentary time during waking hours was 514 minutes. This 
is similar to findings in persons with stroke, not caused by a-SAH (i.e. sedentary times 
ranging from 464-654 minutes).23, 24 This is remarkable because patients with a non a-
SAH stroke are often older and more restricted in the performance of daily activities 
(often because of neuro-motor deficits) than patients with a-SAH.1, 6 With regard to SB, 
there are no guidelines for the general population. A meta-analysis showed that above 
7.0 h, every additional hour increase in SB time is associated with a 5% increase in all-
cause mortality.45 In the present study, individuals with a-SAH spent about 8.5 h being 
sedentary, implying a 7.5% increase in all-cause mortality. In order to set therapeutic 
targets, additional studies are needed to establish guidelines for SB.

The major strength of the present study is the objective measurement of PA and SB, 
without possible bias from the subjective character of questionnaires. Also, the inclusion 
of healthy controls allowed us to better interpret the data. Another strength is that we 
used innovative in-depth analyses of PA and SB which provides new insights to support 
future therapeutic interventions.

Study limitations

Some limitations of the present study should be discussed. First, we used an advanced 
activity monitor that allowed to obtain continuous data on various types of PA and SB. 
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However, this makes it difficult to compare our data with general guidelines for healthy 
PA or SB, because these guidelines are mostly based on self-report questionnaires.29 
Future studies need to define guidelines for healthy PA and SB, based on objectively 
obtained measures. Second, for logistic reasons, the sample size of healthy controls was 
smaller compared to that in persons with a-SAH. Smaller number of controls have been 
frequently reported in activity monitoring research across different patient groups, 
including stroke.46, 47 Overall, results on the main outcome (volume metrics) in the con-
trols are comparable with, and for PA even somewhat lower (9.7% vs. 10-12% per 24h, 
respectively) than results, as measured with the VitaMove, in other healthy comparison 
groups.48-50 This difference may even indicate that we have underestimated the lack 
of PA in persons with a-SAH. BMI was somewhat higher in persons with a-SAH than in 
controls. However, it was not feasible to account for BMI, as a higher BMI may already 
be indicative of physically inactive and sedentary lifestyles. Another limitation is that, in 
both groups, actually ‘wearing’ the activity monitor may have influenced PA in daily life; 
nevertheless, all participants reported that they performed their regular PA. Another 
limitation is that we did not include any physiological parameters (e.g. heart rate) that 
might have provided more details on physical strain of PA in daily life.

concLUSionS

Objectively obtained measures of PA and SB show that persons with a-SAH are less 
physically active, they break PA time into shorter periods, and SB periods last longer 
compared to healthy controls. These results suggest that persons with a-SAH have 
increased health risks related to inactive and sedentary lifestyles. Given the importance 
of optimal PA and SB, future studies need to identify barriers and facilitators of PA and 
SB to optimize therapeutic interventions with the goal to improve PA and SB after a-SAH.
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ABStrAct

Patients with aneurysmal subarachnoid hemorrhage (a-SAH) show long-term fatigue 
and have difficulties with resuming daily physical activities. Impaired muscle strength, 
especially in the lower-extremity, impacts the performance of daily activities and 
may trigger the onset of fatigue complaints. The present study evaluated maximal 
isokinetic knee muscle strength and fatigue in patients with a-SAH at six months 
post onset. Thirty-three patients and 33 sex- and age-matched healthy controls par-
ticipated. Isokinetic muscle strength of the knee extensors and flexors was measured 
at 60°/s and 180°/s. Maximal voluntary muscle strength was defined as peak torque 
and measured in newton-meter. Fatigue was examined using the Fatigue Severity 
Scale (FSS). In patients with a-SAH, maximal knee extension was 22% (60°/s) and 25% 
(180°/s) lower and maximal knee flexion 33% (60°/s) and 36% (180°/s) lower compared 
to that of controls (p≤0.001). Further, the FSS-score was related to maximal isokinetic 
knee extension (60°/s: r=-0.426, p=0.015; 180°/s: r=-0.376, p=0.034) and flexion (60°/s: 
r=-0.482, p=0.005; 180°/s: r=-0.344, p=0.083). Knee muscle strength was 28% to 47% 
lower in fatigued (n=13) and 11% to 32% lower in non-fatigued patients (n=20); defi-
cits were larger in fatigued patients (p<0.05), particularly when the muscle strength 
(PT) was measured at 60°/s. Present results indicate that patients with a-SAH have 
considerably impaired knee muscle strength which is related to more severe fatigue. 
Present findings are exploratory but showed that knee muscle strength may play a 
role in the severity of fatigue complaints, or vice versa. Interventions targeting fa-
tigue after a-SAH seem necessary and may consider strengthening exercise training 
in order to evaluate whether increased muscle strength reduces fatigue, to prevent 
debilitating conditions in a-SAH.
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introDUction

Aneurysmal subarachnoid hemorrhage (a-SAH) is caused by spontaneous rupture of an 
intracranial aneurysm.1 Advances in diagnostic and therapeutic options have gradually 
increased survival rates up to 65%.2 Those who survive experience long-term symptoms, 
such as cognitive impairment (40%) and fatigue (31 to 91%).3-5 These long term sequelae 
seem to impact the reintegration into society.6 Only one-third is able to fully resume 
their previous occupation, and half of the patients have difficulties with resuming daily 
activities.7, 8

Muscle strength is a key-component of physical fitness and refers to the ability of a muscle 
group to exert force.9 Loss of muscle strength, especially in the lower-extremity, impacts 
the performance of daily activities and may trigger the onset of fatigue complaints.10-12 
Muscle strength of the knee extensors and flexors is found to be an important predictor 
of independent daily functioning in different patient groups, including stroke.13, 14

In patients with stroke, not caused by a-SAH, impaired knee muscle strength is a well-
known deficit. Knee muscle strength was found to be 17% to 75% lower compared to 
controls, and exercise training has become an integral component of rehabilitation.15, 16 
Exercise interventions in stroke rehabilitation are found to increase functional outcome, 
physical activity and quality of life.17-20

Patients with a-SAH have few, if any, neuro-motor problems and seem to have a better 
functional outcome than patients with other types of stroke.21 Therefore, muscle strength 
deficits may not necessarily appear in these patients. However, fatigue complaints are 
highly present in a-SAH, and could easily lead to a vicious circle of physical decondition-
ing, in which fatigue leads to the avoidance of physical activities with subsequent 
reductions in muscle strength. This vicious circle is found to introduce adverse health 
consequences in patients with chronic conditions and seems to impact daily function-
ing.10, 22 However, muscle strength has not yet been studied in a-SAH. Knowledge about 
muscle strength gives insights into the physical abilities of these patients and may help 
to better understand a-SAH related consequences. Furthermore, by exploring relation-
ships between fatigue and muscle strength we may optimize recommendations and 
provide implications for treatment.

In this study we investigated the maximal isokinetic knee extensor and flexor strength 
in patients with a-SAH. The knee muscle strength of patients was compared to that of 
sex- and age-matched healthy controls. In addition, relationships between the knee 
muscle strength and severity of fatigue were explored. Further, we determined knee 
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muscle strength in fatigued and non-fatigued patients. We hypothesized that knee 
muscle strength is impaired after a-SAH and considerably more impaired in fatigued 
than in non-fatigued patients.

metHoDS

The present study, ‘HIPS-Rehab’, is part of the prospective observational study; Hypopitu-
itarism In Patients after Subarachnoid hemorrhage study (HIPS).23 HIPS-Rehab focusses 
on a-SAH related consequences from a rehabilitation perspective and includes measure-
ments on physical fitness. In the present study we describe data on muscle strength and 
fatigue in patients who were six months post a-SAH. The study was approved by the 
Medical Ethics Committee of the Erasmus University Medical Centre, and all participants 
provided written informed consent.

Procedures and participants

All patients with a-SAH included in the HIPS-study aged ≥18 years, were discharged 
from the intensive care unit (ICU) and treated by Department of Neurology of the 
Erasmus Medical Centre between June 2009 and June 2012. A diagnosis of a-SAH was 
confirmed by computed tomography (CT) of the brain or lumbar puncture. The presence 
and location of aneurysms were determined by CT angiography or digital subtraction 
angiography. Patients were excluded if they met any of the following criteria: SAH of 
non-aneurysmal origin; hypothalamic or pituitary disease diagnosed prior to a-SAH; his-
tory of cranial irradiation; trauma capitis prior to a-SAH; a history of any prior intracranial 
lesion; or other medical or psychiatric conditions or laboratory abnormalities that could 
interfere with the outcome of the study. Additional exclusion criteria for HIPS-Rehab 
were: not eligible to perform maximal exercise testing, as indicated by treating physi-
cian using the Physical Activity Readiness Questionnaire (PAR-Q)24 and a medical history 
questionnaire (developed for this study and available on request); or aged ≥70 years. 
All patients were screened for growth hormone (GH)-deficiency because this may be a 
result of post a-SAH hypopituitarism and found to be related to both fatigue and muscle 
strength.25, 26 GH-deficiency was defined as an insufficient GH response to a GH releasing 
hormone (GHRH)-arginine test.23

Since Dutch reference values for knee muscle strength are lacking, we included a com-
parison group of healthy controls. Controls were recruited by advertisement and were 
included based on sex and age (± 5 years). Patients and controls performed identical 
testing protocols.
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measures

Muscle strength
Maximal isokinetic muscle strength of the knee extensors and flexors was measured 
using a Biodex® dynamometer (Shirley, New York, USA). Participants were seated and 
firmly strapped at the chest, hip and thigh. The rotational axis of the dynamometer was 
aligned with the lateral femoral epicondyle. Isokinetic muscle strength was measured 
in both legs at two different isokinetic velocities: with 5 maximal contractions at 60°/s 
and 15 maximal contractions at 180°/s. Muscle strength was recorded in Torque (Nm). 
Peak Torque (PT) was considered the maximum torque generated throughout one serie 
of repetitions and was expressed in absolute PT (Nm) and relative PT, corrected for 
body mass (Nm·kg-1) and fat free mass (Nm·kg FFM-1 ). Since there were no differences in 
muscle strength between the left and right lower limb, we calculated the average PT of 
both limbs (data not presented). Isokinetic velocities were chosen for consistency with 
other studies, including studies on patients with stroke.13, 15, 16, 27

Fatigue was assessed using the Dutch version of the Fatigue Severity Scale (FSS).28 The 
FSS is a nine-item validated questionnaire assessing the impact of fatigue on daily 
functioning,29 with higher FSS-scores indicating more severe fatigue. The mean score 
of the nine items ranges from 1 (‘no signs of fatigue’) to 7 (‘most disabling fatigue’). 
Fatigue was defined as a score of more than 1 SD above the mean for healthy individuals 
(mean FSS-score≥4.0).29 The FSS is widely used and has shown validity in several patient 
groups, including patients with stroke.30, 31

Clinical and personal characteristics
The following clinical characteristics were collected: location of the aneurysm (anterior 
or posterior circulation); treatment modality (surgical clipping or endovascular coil-
ing); severity of a-SAH, as determined by the World Federation of Neurologic Surgeons 
(WFNS)-grade and Glasgow Coma Scale (GCS)-score;32 the occurrence of secondary 
health complications (re-bleeding of the aneurysm, hyponatremia, hydrocephalus and 
growth hormone deficiency), and neurological morbidity (paresis or spasticity).

Additionally, we examined body composition in patients and controls. Body mass index 
(BMI) was calculated from height and body mass (kg/m²); waist circumference (cm) was 
measured midway between the lowest rib and the iliac crest while standing; thickness 
of four skinfolds (biceps, triceps, subscapular, and supra-iliac region) was measured 
twice at the left side of the body with a Harpenden Skinfolds Caliper (Burgess Hill, UK); 
mean of two measurements was used to predict percentage body fat from which we 
calculated the fat free mass (FFM).33
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Furthermore, questions regarding participation in sports and/or moderate intensive 
daily physical activities (including recreational activities such as cycling, swimming and 
walking) were completed.

Statistical analyses

All data are expressed as mean (SD) unless otherwise indicated. To compare data of 
participants with non-participants (in HIPS but not in HIPS-Rehab), independent t-tests 
were applied for continuous data and chi-square tests were used for categorical data. 
To compare participants’ characteristics and knee muscle strength data of patients to 
that of controls, paired sample t-tests were used for continuous data and chi-square 
for categorical data. Pearson’s correlation coefficients were calculated to investigate 
relationships between the knee muscle strength and FSS-score. Further, we explored 
muscle strength in fatigued (mean FSS-score≥4.0) and non-fatigued patients (mean 
FSS-score<4.0). Deficits in muscle strength were calculated using the following formula:

PT patient  −  PT control
* 100%

PT control

To compare deficits between fatigued and non-fatigued patients, we used an inde-
pendent t-test. A probability value of p<0.05 was considered statistically significant. 
To adjust for multiplicity, we applied a Bonferroni correction. Statistical analyses were 
performed using IBM SPSS Statistics 20 (SPSS Inc., Chicago, IL, USA).

reSULtS

Between June 2009 and June 2012, 241 patients were admitted to the ICU with a di-
agnosis of a-SAH of which 52 participated in HIPSS-Rehab. In total, 34 patients (65%) 
completed measurements of muscle strength and fatigue. Because one patient could 
not adequately perform isokinetic muscle strength measurement, 33 measurements 
were analyzed. A consort flow diagram is presented in Figure 1.

Patients’ characteristics are presented in Table 1. Except that patients were younger 
(mean difference 10.0 (SD 3.0) years; p=0.002), they did not differ from those who were 
excluded from the final analyses (n=19). The neurological scores showed that 78% of the 
patients had a low-grade a-SAH and a mean GCS-score of 13.7 (SD 2.1). Most patients un-
derwent endovascular coiling (85%) and four patients had a GH-deficiency (12%). None 
of the patients had a paresis or showed signs of spasticity. All patients were discharged 
to their home environment.
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Characteristics of patients and controls are presented in Table 2. Patients had significantly 
higher BMI and waist circumference (95% CI of the difference: 1.7 to 4.4; p<0.001). Fur-
thermore, patients participated less in sports and/or moderate intensive daily physical 
activities than controls (45% vs. 91%, respectively; χ2=15.71; p<0.001). Fatigue was more 
prevalent in patients, being present in 13 patients and two controls (χ2=10.44; p=0.001).

Characteristics of patients and controls are presented in Table 2. Patients had signifi-
cantly higher BMI and waist circumference (95% CI of the difference: 1.7 to 4.4; p<0.001). 
Furthermore, patients participated less frequently in sports and/or moderate intensive 

Enrolled in HIPS
(n=84)

Enrolled in HIPS-Rehab
(n=52)

Died on ICU (n=48)

Patients discharged from ICU
(n=193)

Not included in HIPS (n=109)

- met exclusion criteria n=51
- Refusal HIPS n=38
- Discharged prior to inclusion n=20

Patients with a-SAH 
admitted to the ICU

(n=241)

Not included in HIPS-Rehab (n=32)

- Refusal HIPS-Rehab n=27
- Deceased n=2
- Unknown reasons           n=3

No CPET in analyses (n=18)

-  70 years n=9
- Contraindication                      n=6
- Logistical reason           n=2
- Additional injury n=1

Isokinetic dynamometry 
measurements

(n=34)

Successful isokinetic 
dynamometry measurements

(n=33)

Excluded from analyses (n=1)

- No valid measurement n=1

Figure 1. Consort flow diagram.
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table 1. Patients’ characteristics

Characteristics Patients with a-SAH
(n=33)

Age (years), mean (SD) 52.5 (9.5)

Sex, males, n (%) 10 (30)

Location of aneurysm, n (%)

 - Anterior circulation 18 (55) 

 - Posterior circulation 15 (45) 

Aneurysmal treatment, n (%)

 - Surgical clipping 5 (15) 

 - Endovascular coiling 28 (85) 

WFNS-grade, n (%)

 I 17 (51) 

 II 9 (27) 

 III 1 (3) 

 IV 5 (15) 

 V 1 (3) 

Glasgow Coma Scale-score, mean (SD) 13.6 (2.1)

Complications, n (%)

 - Rebleeding aneurysm 0 (-)

 - Delayed cerebral ischemia 7 (25)

 - Hyponatremia 4 (14)

 - Hydrocephalus 11 (32)

 - Growth Hormone deficient 4 (12)

Note: Values are presented as n (%) or mean (SD). WFNS, World Federation of Neurologic Surgeons grading 
system for subarachnoid hemorrhage.

table 2. Characteristics of patients and matched control subjects.

Characteristics Patients with a-SAH
(n=33)

Healthy controls
(n=33) p-value

Age (years), mean (SD) 52.5 (9.5) 51.6 (8.9) -

Sex, males, n (%) 10 (30) 10 (30) -

BMI (kg/m²), mean (SD) 27.1 (3.4) 24.0 (2.1) <0.001

Weight (kg), mean (SD) 75.9 (10.6) 72.2 (8.9) 0.101

Percentage body fat (%), mean (SD) 35.3 (7.3) 32.4 (5.8) 0.074

FFM (kg FFM), mean (SD) 48.8 (9.1) 49.1 (8.6) 0.908

Waist circumference (cm), mean (SD) 93.3 (9.3) 83.6 (8.3) <0.001

Participation in sports, n (%)* 15 (45) 30 (91) <0.001

Fatigue

FSS-score, mean (SD) 3.5 (1.4) 2.4 (0.9) 0.001

 - Non-fatigued (<4.0), n (%) 20 (61) 31 (94) 0.001

 - Fatigued (≥4.0), n (%) 13 (39) 2 (6)

Note: Values are presented as mean (SD) or n (%). a-SAH, aneurysmal subarachnoid hemorrhage; BMI, body 
mass index; FFM, fat-free mass; FSS-score, Fatigue Severity Scale score.
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daily physical activities than controls (45% vs. 91%, respectively; χ2=15.71; p<0.001). 
Fatigue was more prevalent in patients; being present in 13 patients and two controls 
(χ2=10.44; p=0.001).

Measures of knee muscle strength were 21% to 36% lower in patients compared to 
matched controls. Maximal isokinetic muscle strength PT (Nm) was 21% lower for exten-
sion at 60°/s; 25% lower for extension at 180°/s; 33% lower for flexion at 60°/s and 36% 
lower for flexion at 180°/s (p<0.001). Similar differences were found for knee muscle 
strength (PT), normalized for body mass (Nm·kg-1) and fat free mass (Nm·kg FFM-1 ) 
(Table 3).

Pearson’s correlation coefficient showed that the FSS-score was related to PT extension 
60°/s (r=-0.426; p=0.015), PT extension 180°/s (r=-0.376; p=0.034), PT flexion 60°/s (r=-
0.482; p=0.005) and PT flexion 180°/s (r=-0.344; p=0.083). Similar correlation coefficients 
were found between FSS-score and PT normalized for body mass (Nm·kg-1) (PT exten-
sion 60°/s: r=-0.393; p=0.026; PT extension 180°/s: r=-0.309; p=0.086; PT flexion 60°/s: 
r=-0.427; p=0.015; PT flexion 180°/s: r=-0.350; p=0.049) and fat free mass (Nm·kg FFM-1 ) 
(PT extension 60°/s: r=-0.429; p=0.014; PT extension 180°/s: r=-0.357; p=0.045; PT flexion 
60°/s: r=-0.432; p=0.014; PT flexion 180°/s: r=-0.255; p=0.167).

table 3. Muscle strength of patients and matched controls.

Muscle strength Patients with a-SAH
(n=33)

Healthy controls
(n=33)

95% CI of the 
difference p-value

PT (Nm), mean (SD)

 Extension 60°/s 107.6 (36.5) 137.5 (30.0) -46.3 to -13.4 0.001† 

 Extension 180°/s 70.3 (23.0) 94.1 (24.6) -35.5 to -12.1 <0.001†

 Flexion 60°/s 46.9 (17.8) 70.5 (18.5) -32.5 to -14.6 <0.001†

 Flexion 180°/s 34.4 (11.8) 53.6 (14.6) -25.8 to -12.4 <0.001†

PT (Nm · kg-1), mean (SD)

 Extension 60°/s 1.42 (0.39) 1.90 (0.33) -0.7 to -0.3 <0.001† 

 Extension 180°/s 0.93 (0.25) 1.29 (0.27) -0.5 to -0.2 <0.001†

 Flexion 60°/s 0.62 (0.22) 0.98 (0.22) -0.5 to -0.2 <0.001†

 Flexion 180°/s 0.44 (0.16) 0.74 (0.17) -0.4 to -0.2 <0.001†

PT (Nm·kg FFM-1), mean (SD)

 Extension 60°/s 2.19 (0.53) 2.76 (0.34) -0.8 to -0.3 <0.001† 

 Extension 180°/s 1.44 (0.33) 1.87 (0.24) -0.6 to -0.3 <0.001†

 Flexion 60°/s 0.96 (0.31) 1.41 (0.23) -0.6 to -0.3 <0.001†

 Flexion 180°/s 0.70 (0.20) 1.07 (0.16) -0.5 to -0.3 <0.001†

Abbreviations: a-SAH, aneurysmal subarachnoid hemorrhage; PT, Peak Torque; FFM, fat-free mass.
†Significant after Bonferroni correction adjusting for multiplicity: p=0.05/12=0.004
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According to the FSS-score, 13 patients were fatigued (39%, mean FSS-score≥4.0) and 20 
non-fatigued (61%, mean FSS-score<4.0). There were no differences in clinical character-
istics between fatigued and non-fatigued patients. One patient with GH-deficiency was 
fatigued. Independent t-test showed that muscle strength of the knee extensors and 
flexors were lower in both fatigued and non-fatigued patients compared to matched 
controls. These differences remained significant after correcting PT for body mass 
(Nm·kg-1) and fat free mass (Nm·kg FFM-1). Compared with controls, muscle strength was 
28% to 47% lower in fatigued patients and 11% to 32% in non-fatigued patients; deficits 
were larger in fatigued patients, particularly when muscle strength was measured at an 
isokinetic velocity rate of 60°/s (p<0.05). (Table 4) Figure 2 shows a graphic representa-
tion of the absolute PTs in controls, non-fatigued and fatigued patients.

A B

C
. 

D

Figure 2. Knee muscle strength in controls, non-fatigued and fatigued patients with a-SAH. Boxplots for: 
(A) Peak torque extension 60°/s, (B) Peak torque extension 180°/s, (C) Peak torque flexion 60°/s and (D) Peak 
torque flexion 180°/s, percentiles are 90th, 75th, 50th, 25th and 10th.
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DiScUSSion

This study shows that knee muscle strength was considerably lower in patients with 
a-SAH compared to that of matched controls. Measures of knee muscle strength were 
found to be 21% to 36% lower in patients than in controls. Further, we found significant 
relationships between the knee muscle strength and the severity of fatigue. In compari-
son with controls, deficits in knee muscle strength ranged from 28% to 47% in fatigued 
patients, whereas these ranged from 11% to 32% in non-fatigued patients. The results 
indicate that deficits in muscle strength may play a role in fatigue, or vice versa. Impaired 
muscle strength can be debilitating as it affects activities of daily living. Present findings 
are exploratory but indicate that patients with a-SAH, and particularly those who are fa-
tigued, have impaired knee muscle strength which may hold implication for treatment. 
Interventions seem necessary and should take into account physical deconditioning 
and a potential loss of knee muscle strength.

table 4. Muscle strength in fatigued and non-fatigued patients as a percentage of matched controls.

Muscle Strength Fatigued
a-SAH
(n=13)

Deficit (%)# Non-fatigued 
a-SAH
(n=20)

Deficit (%)# 95% CI
difference
in deficit

p-value§

PT (Nm), mean (SD)

 Extension 60°/s 87.6 (21.9)* - 35.1% (18.1) 120.5 (38.7) - 10.9% (23.0) 8.7 to 39.5 0.003†

 Extension 180°/s 60.2 (11.2)* - 31.4% (19.6) 76.9 (26.5)* - 17.7% (24.1) -2.5 to 30.1 0.095

 Flexion 60°/s 35.3 (12.8)* - 43.0% (24.1) 54.5 (16.8)* - 22.0% (25.2) 3.0 to 38.9 0.024

 Flexion 180°/s 26.3 (39.2)* - 41.6% (12.8) 38.1 (13.1)* - 26.8% (30.5) -4.1 to 33.9 0.121

PT (Nm·kg-1), mean (SD)

 Extension 60°/s 1.22 (0.21)* - 36.0% (13.2) 1.54 (0.43)* - 16.8% (21.9) 5.4 to 33.0 0.008

 Extension 180°/s 0.85 (0.13)* - 32.7% (11.9) 0.98 (0.29)* - 23.3% (20.4) -5.0 to 21.9 0.210

 Flexion 60°/s 0.49 (0.15)* - 43.9% (24.0) 0.70 (0.22)* - 26.2% (26.0) 0.6 to 36.1 0.058

 Flexion 180°/s 0.37 (0.12)* - 46.5% (20.6) 0.49 (0.16)* - 31.7% (26.5) -2.9 to 32.5 0.095

PT (Nm·kg FFM-1), mean (SD)

 Extension 60°/s 1.95 (0.43)* - 31.4% (17.3) 2.35 (0.54)* - 12.6% (22.1) 3.8 to 33.7 0.016

 Extension 180°/s 1.34 (0.23)* - 27.8% (17.1) 1.50 (0.38)* - 19.4% (19.0) -5.0 to 21.9 0.210

 Flexion 60°/s 0.79 (0.28)* - 40.3% (24.7) 1.08 (0.28)* - 21.2% (23.2) 1.6 to 36.6 0.033

 Flexion 180°/s 0.63 (0.10)* - 39.3% (13.9) 0.75 (0.21)* - 27.6% (23.4) -3.6 to 27.0 0.130

# Deficit=
PT patient  −  PT control

* 100%;
PT control

* PT significantly lower compared to matched controls after Bonferroni correction adjusting for multiplicity: 
p=0.05/12=0.004;
† Deficit significantly different after Bonferroni correction adjusting for multiplicity: p=0.05/12=0.004;
§ Difference in deficit (%) between fatigued and non-fatigued patients.
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In non-a-SAH stroke patients, deficits in muscle strength range from 17% to 75%.15, 16 In 
these patients, impaired muscle strength is largely explained by neuro-motor lesions. 
However, patients with a-SAH often have few, if any, neuro-motor lesions. Therefore, 
different mechanisms may be involved. An interesting study by Eng et al. showed that 
the preservation of muscle strength seems to be related to levels of physical activity 
after stroke.34 Physical inactivity may lead to physical deconditioning and subsequent 
avoidance of physical demanding activities. Since fatigue is highly prevalent in a-SAH, 
such a negative circle of physical inactivity and physical deconditioning may also ap-
ply to patients with a-SAH.10 The fact that patients participated less in sports and/or 
moderate intensive daily physical activities may indicate that patients with a-SAH are 
less physically active.

Hypopituitarism with GH-deficiency has been reported frequently in patients with a-SAH 
and is found to be associated with both fatigue and lower muscle strength.25, 26 However, 
the fact that only four patients (=12%) had GH-deficiency indicates that impaired muscle 
strength may occur independent of GH-deficiency. One patient with GH-deficiency 
reported fatigue complaints. Unfortunately, the small number of GH-deficient patients 
did not allow for correction of GH-deficiency in the evaluation of muscle strength after 
a-SAH.

In total, 39% of the patients reported fatigue complaints and had considerably low knee 
muscle strength. Previous literature showed that improved muscle strength can provide 
a physical reserve to fatigue, and a margin of safety during physical demanding ac-
tivities.11, 13 Therefore, strengthening exercise training should be considered for patients 
with a-SAH. Studies in patients with non-a-SAH stroke types showed that strengthening 
exercise increases muscle strength and improves functional outcome.17 Moreover, ben-
eficial effects of exercise training on disease-related fatigue and emotional challenges 
have been reported.35, 36 Accordingly, intervention studies are warranted to investigate 
the added value of strengthening exercise in a-SAH.

The multidimensional character of fatigue should be noted.3 Sleep disturbances, anxiety, 
depression, posttraumatic stress and cognitive impairments have already been associ-
ated with fatigue in a-SAH.3 Therefore, future interventions targeting fatigue in a-SAH, 
should take into account its’ multidimensional character. Strengthening exercise train-
ing is unlikely to be the ‘golden bullet’ treating fatigue, it is rather a potential contributor 
in the treatment of a debilitating condition.
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The inclusion of sex- and age-matched controls is a major strength of the present study, 
and is frequently done to examine muscle strength across different patient groups, 
including patients with stroke.25, 34, 37

Some possible limitations should be discussed. First, our study is limited by its cross-
sectional design; therefore, we cannot infer causality from the present results. Second, 
selection bias may be involved in both patients and controls. Since patients were 
excluded when they were not eligible to perform maximal exercise testing, it is likely 
that we have excluded those with severely impaired knee muscle strength which may 
have underestimated muscle strength deficits in a-SAH. On the other hand, controls 
who were interested to participate are more likely to take part in sports and moderate 
intensive daily physical activities which may have resulted in an overestimation of the 
muscle strength deficits. Because there are no appropriate reference data available on 
participation in sports and/or moderate intensive daily physical activities for the Dutch 
population, we were not able to make up an appropriate comparison. However, knee 
muscle strength of the controls is comparable to that of Swedish reference data.38 
Another possible limitation is that controls were only matched based on sex and age. 
However, in an attempt to adjust for potential other confounders, we performed analy-
ses on muscle strength normalized for body mass and fat free mass.

concLUSionS

We showed impaired knee muscle strength in patients with a-SAH. Interestingly, 
knee muscle strength was related to the severity of fatigue which indicates that knee 
muscle strength may play a role in fatigue, or vice versa. Although the present findings 
are exploratory, knee muscle strength was more impaired in fatigued patients than in 
non-fatigued patients, particularly when knee muscle strength was measured at a lower 
isokinetic velocity rate. Present findings indicate that interventions after a-SAH are nec-
essary. Interventions targeting fatigue should take into account its’ multidimensional 
character, in which strengthening exercise may contribute to a multimodal treatment of 
a debilitating condition.
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ABStrAct

objective: To assess the cardiorespiratory fitness in patients after suffering an aneu-
rysmal subarachnoid hemorrhage and to explore this in fatigued and non-fatigued 
patients.

Design: Cross-sectional case-control study.

Participants: Twenty-eight patients, six months post aneurysmal subarachnoid 
hemorrhage, and 28 sex- and age-matched controls.

methods: Cardiorespiratory responses to a progressive cardiopulmonary exercise 
test on a cycle ergometer were obtained using indirect calorimetry. Fatigue was as-
sessed using the Fatigue Severity Scale.

results: Peak oxygen uptake (V ̇O2peak) was significantly lower in patients (22.0 (SD 
6.2) mL·kg-1·min-1) than in controls (69% of controls, p<0.001). All other cardiorespira-
tory fitness parameters were also lower, with peak levels ranging from 62% to 77% 
of matched controls. Mean V ̇O2peak was 19.4 (SD 4.1) mL·kg-1·min-1 in fatigued patients 
(63% of matched controls, p<0.001) and 23.9 (SD 6.9) mL·kg-1·min-1 in non-fatigued 
patients (74% of matched controls, p=0.002).

conclusion: Cardiorespiratory fitness is impaired after aneurysmal subarachnoid 
hemorrhage, both in fatigued and non-fatigued patients. This finding may have 
implications for treatment.



53

Impaired cardiorespiratory fitness after a-SAH

4

introDUction

Aneurysmal subarachnoid hemorrhage (a-SAH) is a potential life-threatening stroke 
which accounts for 5% of all stroke cases.1, 2 Advances in diagnostic and surgical man-
agement have increased the chance of surviving an a-SAH, survival rates reaches 65%.3 
With a growing number of patients surviving, understanding the long-lasting sequelae 
of a-SAH becomes increasingly important.

With only one-third of the survivors being able to fully resume previous occupation, 
a-SAH has a significant impact on society, patients’ families and of course on patients 
themselves.3, 4 Long-term cognitive and emotional problems may be present,5 and one 
of the most distressing complaints is fatigue which has a prevalence rate that ranges 
from 31% to 91%.6 Fatigue may persist up to 7 years post a-SAH,7 and is associated with 
many factors, including sleep disturbances, anxiety, emotional problems, passive cop-
ing styles, and cognitive impairment.6 An interesting hypothesis is that the presence 
of fatigue may be a result of impaired cardiorespiratory fitness, triggered by physical 
deconditioning.6, 8 Associations between cardiorespiratory fitness and fatigue have been 
found across several non-stroke patient groups.9-12

Cardiorespiratory fitness is defined as the ability of the cardiorespiratory system to 
supply oxygen to the skeletal muscles during sustained physical activity.13 In patients 
with stroke, not caused by a-SAH, the cardiorespiratory fitness is almost half that of 
sex and age-matched controls.14 In these patients, the beneficial effects of improved 
cardiorespiratory fitness are well-recognized, and exercise training has become an in-
tegral component of stroke rehabilitation.15 Such training contributes to cardiovascular 
health and can provide a physical reserve to fatigue.14, 16 However, to our knowledge, the 
cardiorespiratory fitness has not yet been studied in a-SAH, and deserves attention in 
rehabilitation medicine.

The primary goal of this study was to assess the cardiorespiratory fitness in patients with 
a-SAH, and to explore fitness levels in fatigued and non-fatigued patients. Cardiorespira-
tory responses to a progressive cardiopulmonary exercise test were compared to that of 
sex and age-matched controls. We hypothesized that cardiorespiratory fitness will be 
impaired in a-SAH, particularly in fatigued patients.
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metHoDS

This case-control study, entitled HIPS-Rehab, was part of a longitudinal observational 
study, entitled: Hypopituitarism In Patients after Subarachnoid haemorrhage (HIPS).17 
HIPS-Rehab focuses on a-SAH related consequences from a rehabilitation perspective 
and includes measurements on physical fitness and physical activity. In the present 
study we used data measured at six months post onset. The study was approved by the 
Medical Ethics Committee of the Erasmus University Medical Centre, and all participants 
gave written informed consent.

Procedures and participants

Patients with a-SAH admitted to the department of Neurology of the Erasmus Medical 
Centre, The Netherlands, between June 2009 and June 2012 were eligible for inclusion 
when they were discharged from the intensive care unit (ICU) and aged ≥18 years. 
Diagnosis of aneurysmal subarachnoid hemorrhage was confirmed by computerized 
tomography (CT) of the brain and in cases with negative CT, by lumbar puncture. Pres-
ence and location of the aneurysm was determined by CT angiography and/or a digital 
subtraction angiography. Patients were excluded if they met any of the following crite-
ria: 1) hypothalamic or pituitary disease diagnosed prior to a-SAH; 2) history of cranial 
irradiation; 3) trauma capitis prior to a-SAH; 4) other intracranial lesion apart from a-SAH; 
or 5) other medical or psychiatric condition or laboratory abnormality that may interfere 
with the outcome of the study. Additional exclusion criteria regarding physical fitness 
measurements were: aged ≥70 years, and not eligible to perform maximal exercise test-
ing, as indicated by treating physician and the Physical Activity Readiness Questionnaire 
(PAR-Q).18

Since appropriate Dutch reference values for cardiorespiratory fitness are not available, 
we included a comparison group. Each patient was individually paired with a control 
subject with respect to sex and age (± 5 years). Controls were recruited by advertisement 
and screened on medical contraindications for physical exercise by a physician using 
the PAR-Q,18 and a questionnaire concerning medical history and sports participation 
(developed for this study and available on request).

This is the first study to specifically investigate cardiorespiratory responses to progres-
sive CPET in a-SAH. Therefore, we have implemented a supplementary safety protocol 
which matches the recommendations for conducting CPET in stroke.19 First, all patients 
were screened for absolute and relative medical contraindications to physical exercise by 
a neurologist and a sports physician. If there was any suspicion of underlying cardiovas-
cular or pulmonary pathology, progressive CPET was not carried out. In addition, resting 
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blood pressure was recorded twice prior to CPET with a few minutes of rest between 
measurements. During CPET, blood pressure was measured using an automatic system, 
heart function was monitored using a 12-lead electrocardiogram and a sports physician 
served as emergency back-up.

outcome measures

Cardiorespiratory fitness
CPET was performed using a progressive ramp protocol on an electronically braked 
cycle ergometer (Jaeger ER800, Toennies, Breda, The Netherlands). This method of 
testing has been frequently applied after stroke, and is feasible in a selected group of 
stroke patients who underwent pre-test medical screening.19 Gas exchange analyses 
were performed during CPET by indirect calorimetry using the Oxycon Pro (CareFusion, 
Houten, The Netherlands), a breath-by-breath oximetry analysing system.

Participants were instructed to abstain from consuming food or caffeine prior to 
CPET. Before each measurement, volume and gas calibrations were performed. After 
calibrations, participants warmed up for 4 minutes without resistance, after which a 
ramp protocol was implemented with the goal of having the participants reach their 
maximum physical effort within 10 to 14 minutes. Resistance increased automatically 
every 10 seconds and varied by sex (female: 12W/min, male: 16W/min). Participants 
were instructed to pedal at a rate of 60 to 70 revolutions per minute. Strong verbal 
encouragement was provided, to continue as long as possible until maximal voluntary 
exhaustion. CPET was terminated when participants reached volitional fatigue, or if they 
were unable to maintain target pedal rate. CPET could also be terminated because of 
medical complications, as prescribed in the guidelines of the ACSM for exercise testing 
(e.g. sustained ventricular tachycardia, ST elevation, moderately severe angina, drop in 
systolic blood pressure of >10 mmHg from baseline blood pressure).13

The following peak cardiorespiratory responses were analysed: oxygen consumption 
(VO2peak), the criterion standard for cardiorespiratory fitness, which was expressed in 
absolute VO2peak (mL·min-1) and relative V ̇O2peak per kilogram body mass (mL·kg-1·min-1) 
and per kilogram fat-free mass (mL·kg FFM-1·min-1); ventilation (VEpeak), a measure of 
pulmonary capacity (L·min-1); oxygen pulse (VO2peak/HRpeak), a measure of cardiac output 
(mL per beat); heart rate (HR) in beats per minute; respiratory rate (RR) in breaths per 
minute; respiratory exchange ratio (RER) (VCO2/VO2); and the ventilatory equivalent for 
oxygen (VEpeak/VO2peak), a measure of ventilatory efficiency (L·min-1). Cardiorespiratory re-
sponses were analysed at peak physical work rates, defined as the highest mean values 
recorded during 30 seconds of exercise.
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Additionally, the ventilatory anaerobic threshold was estimated by two assessors using 
the ventilatory equivalent method;20 defined as the moment at which the ventilatory 
equivalent for CO2 (VE/VCO2) and end-tidal CO2 partial pressure (PETCO2) remained stable, 
and the VE/VO2 and the end-tidal O2 partial pressure (PETO2) increased disproportionally.

Only data of participants that met at least one of the objective criteria for maximal 
physical exertion were included in the final analyses. The following criteria were used 
to determine maximal physical exertion: [1] RER of >1.019 or [2] HRpeak within 10 beats 
per minute (bpm) of the age predicted maximum heart (HRmax) rate calculated from the 
formula of Tanaka et al.21:

HRmax = 208  −   ( 0.7  *  age )

As beta-blocker medication reduces maximal heart rate by 25-30%,22 the equation was 
adjusted for patients with beta-blocker medication:

HRmax = 0.70 *   [ 208  −  (0.7  *  age) ]

Fatigue
Fatigue was measured using the Fatigue Severity Scale (FSS).23 The FSS is a brief and 
simple instrument consisting of 9 statements about fatigue, scored on a 7-point scale 
ranging from 1 (strongly disagree) to 7 (strongly agree). The total score is the mean of 
the 9 item scores. Higher scores indicate more impact of fatigue on daily life. Fatigue 
was defined as a score of more than 1 standard deviation (SD) above the mean score for 
healthy individuals (FSS-score ≥4.0).24 The FSS is a widely used measure of fatigue and 
has been validated for stroke patients in a large Swiss cohort.25

Clinical and personal characteristics
The following patients’ characteristics were collected: severity of a-SAH, as determined 
by the World Federation of Neurologic Surgeons (WFNS)-grade (low-grade: I-III or high-
grade: IV-V)26 and the Glasgow Coma Scale (GCS)-score;27 location of the aneurysm (an-
terior or posterior circulation); treatment procedure (surgical clipping or endovascular 
treatment); neurological comorbidities (paresis or spasticity); presence of secondary 
complications (re-bleed, delayed cerebral ischemia, hyponatremia, hydrocephalus, and 
growth hormone (GH) deficiency). GH-deficiency was defined as an insufficient GH re-
sponse to a GH-releasing hormone (GHRH-arginine test).17 In addition, we collected data 
on follow-up care (i.e. discharge to the patients’ home environment, a SAH outpatient 
aftercare clinic, or an inpatient rehabilitation center).
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Body anthropometry was examined in both patients and controls: Body Mass Index 
(BMI) was calculated from height and body mass (kg/m²); waist circumference (cm) was 
measured midway between the lowest rib and the iliac crest while standing; thickness of 
four skinfolds (biceps, triceps, subscapular, and supra-iliac region) was measured twice 
at the left side of the body with a Harpenden Skinfolds Caliper (Burgess Hill, UK). The 
mean of two measurements was used to predict percentage body fat from which the fat 
free mass (FFM) was calculated.28

Furthermore, a questionnaire regarding participation in sports and/or moderate inten-
sive daily physical activities (including recreational activities such as cycling, swimming 
and walking) was completed (developed for this study and available on request).

Statistical analyses

All data are expressed as mean (SD) unless otherwise indicated. To compare data of par-
ticipants with non-participants, independent t-tests were used for continuous data and 
chi-square tests were used for categorical data. To compare participants‘ characteristics 
and CPET data of patients to that of control subjects, paired sample t-tests were ap-
plied for continuous data, chi-square tests for categorical data. Secondary, CPET data in 
fatigued (FSS-score≥4.0) and non-fatigued patients (FSS-score<4.0) were explored with 
descriptive statistics and compared to that of controls using paired samples t-tests. A 
probability value of p<0.05 was considered statistically significant. To adjust for multi-
plicity, we applied a Bonferroni correction. All analyses were performed using IBM SPSS 
Statistics, version 20 (SPSS Inc., Chicago, IL, USA).

reSULtS

Of the 241 patients admitted to the ICU with a diagnosis of a-SAH, 84 were included in 
the HIPS of which 52 volunteered to participate in the HIPS-Rehab (Figure 1 presents a 
flow diagram). Patients in the HIPS-Rehab (n=52) did not differ from non-participants 
(n=32) with respect to the severity of a-SAH, location of the aneurysm, treatment proce-
dure, and the presence of secondary health complications (data not presented)

Of the 52 patients in the HIPS-Rehab, 28 performed successful CPET measurements. 
Table 1 presents patients’ characteristics. The neurological scores showed that 23 
patients had a low-grade a-SAH (82%) and mean GCS-score was 13.6 (SD 2.1). The 
majority suffered from a ruptured aneurysm in the anterior circulation (64%) and most 
underwent endovascular coiling (79%). None of the patients had a paresis or showed 
signs of spasticity. All were discharged to their home environment, and eleven were 
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redirected to an outpatient aftercare clinic (including a visit to the rehabilitation special-
ist, neuropsychologist and specialized nurse). Nine of the 28 patients had beta-blocker 
medication. According to the medical pre-screening procedure, there were no other 
cardiovascular or pulmonary pathologies detected. Except that the included patients 
were younger (mean difference 7.8 (SD 3.0) years; p=0.012), they did not differ from 
those who were excluded (n=24) from the final analyses.

Characteristics of patients and controls are presented in Table 2. BMI and waist circumfer-
ence were higher in patients than in controls. Patients participated less in sports and/or 
in moderate intensive daily physical activities than controls (43% vs. 96%, respectively; 

Enrolled in HIPS
(n=84)

Enrolled in HIPS-Rehab
(n=52)

Died on ICU (n=48)

Patients discharged from ICU
(n=193)

Not included in HIPS (n=109)

- met exclusion criteria n=51
- Refusal HIPS n=38
- Discharged prior to inclusion n=20

Patients with a-SAH 
admitted to the ICU

(n=241)

Not included in HIPS-Rehab (n=32)

- Refusal HIPS-Rehab n=27
- Deceased n=2
- Unknown reasons           n=3

No CPET in analyses (n=22)

-  70 years n=9
- Contraindication                      n=5
- Logistical reason           n=7
- Additional injury n=1

CPET measurements
(n=30)

Successful CPET measurements
(n=28)

Excluded from analyses (n=2)

- No maximal physical exertion n=2

Figure 1. Consort flow diagram



59

Impaired cardiorespiratory fitness after a-SAH

4

table 1. Descriptive characteristics of the patients with a-SAH.

Characteristics Patients with a-SAH
(n=28)

Age (years), mean (SD) 53 (10)

Sex, males n (%) 8 (29)

WFNS grade, n (%)

 I 14 (50) 

 II 9 (32) 

 III 0 (-) 

 IV 4 (14) 

 V 1 (4) 

Glasgow Coma Scale-score (range) 13.6 (5-15)

Location of aneurysm, n (%)

 - Anterior circulation 18 (64) 

 - Posterior circulation 10 (36) 

Treatment procedure, n (%)

 - Surgical clipping 6 (21) 

 - Endovascular coiling 22 (79) 

Complications, n (%)

 - Rebleed 0 (-)

 - Delayed cerebral ischemia 7 (25)

 - Hyponatremia 4 (14)

 - Hydrocephalus 9 (32)

 - Growth hormone deficient 2 (7)

Abbreviations: a-SAH, aneurysmal subarachnoid hemorrhage; WFNS, World Federation of Neurologic Sur-
geons grading system for subarachnoid hemorrhage.

table 2. Characteristics of patients with a-SAH and of control subjects.

Characteristics Patients with a-SAH
(n=28)

Healthy controls
(n=28)

95% CI for the 
difference p-value

Age (years), mean (SD) 53 (9) 52 (9) - -

Sex, males, n (%) 8 (29) 8 (29) - -

Weight (kg), mean (SD) 74.5 (10.2) 72.2 (9.1) -2.9 to 7.5 0.367

BMI (kg/m2), mean (SD) 27.1 (3.5) 24.1 (2.1) 1.3 to 4.8 0.001

Percentage body fat (%), mean (SD) 35.3 (6.9) 32.7 (6.0) -0.76 to 5.0 0.067

Waist circumference (cm), mean (SD) 92.5 (8.5) 83.2 (8.3) 5.1 to 13.4 <0.001

Fat free mass (kg), mean (SD) 48.1 (8.0) 48.9 (8.8) -4.6 to 2.2 0.475

Participation in Sports, n (%)# 12 (43) 27 (96) - <0.001

FSS-score, mean (SD) 3.5 (1.5) 2.5 (1.0) 0.34 to 1.7 0.005

 - Non-fatigued (<4.0), n (%) 16 (57) 26 (93) - 0.002

 - Fatigued (≥4.0), n (%) 12 (43) 2 (7)

Abbreviations: a-SAH, aneurysmal subarachnoid hemorrhage; FSS-score, Fatigue Severity Scale score.
#Participation in sports and/or moderate intensive physical activities (such as cycling, swimming and walk-
ing) at least once a month.
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χ2=19.0; p<0.001). Furthermore, fatigue was more frequently present in patients than in 
controls (χ2=9.54; p=0.002).

cardiorespiratory fitness

Table 3 presents CPET outcome of patients and controls. All CPET measurements were 
terminated because of volitional fatigue; no adverse medical complications were 
observed. Fifteen patients (54%) terminated the test because of dyspnea and thirteen 
(46%) because of muscular fatigue, in controls this was nineteen (68%) and eleven 
(32%), respectively. Patients had a mean V ̇O2peak of 22.0 (SD 6.2) mL·kg-1·min-1 which was 
69% of that in controls (p<0.001). All other cardiorespiratory responses, except VEpeak/
VO2peak, were lower in patients than in controls (Table 3). CPET measurements showed 
that patients had a mean HRpeak of 154 (SD 22) which reflected 90% of predicted HRmax. 
Mean RERpeak was 1.14 (SD 0.08). Although patients exercised towards acceptable car-
diorespiratory limits, peak values in patients were lower than in controls, HRpeak=165 (SD 
14); RERpeak=1.22 (SD 0.08) (p=0.020 and p<0.001, respectively).

table 3. Cardiorespiratory fitness in patients with a-SAH and control subjects.

Cardiorespiratory fitness
mean (SD)

Patients with a-SAH
(n=28)

Healthy controls
(n=28)

95% CI for the 
difference p-value

VO2peak (mL·min-1) 1636 (514) 2285 (561) -910.6 to -386.4 <0.001†

V̇O2peak (mL·kg-1·min-1) 22.0 (6.2) 31.5 (6.2) -12.4 to -6.7 <0.001†

V̇O2peak (mL·kg FFM-1·min-1) 34.0 (8.7) 45.9 (5.9) -15.5 to -8.3 <0.001†

VEpeak (L·min-1) 68.9 (24.7) 90.1 (25.0) -33.8 to -9.4 0.001†

VO2peak/HRpeak (mL/beat) 10.9 (2.5) 13.9 (3.3) -3.8 to -1.4 <0.001†

POpeak (Watt) 130.7 (45.3) 208.7 (55.0) -102.3 to -53.6 <0.001†

VEpeak/VO2peak (L·min-1) 42.1 (6.3) 39.2 (5.3) -0.02 to 5.8 0.052

VAT (V̇O2)# 15.2 (3.9) 25.7 (8.2) -14.7 to -6.4 <0.001†

VAT (%V̇O2peak)# 69.0 (7.8) 79.3 (7.5) -16.2 to -4.0 0.002†

PO on VAT (Watt)# 79.0 (29.6) 150.7 (53.7) -99.6 to -45.3 <0.001†

RRpeak (Breaths ·min-1) 36.5 (8.1) 36.8 (8.0) -4.8 to 4.1 0.872

HRpeak (bpm) 154 (22) 165 (14) -20.8 to -2.0 0.020

RERpeak (VCO2/VO2) 1.14 (0.08) 1.22 (0.08) -0.12 to -0.04 <0.001†

HR peak % of HRmax 90 (12) 96 (7) -11.7 to -1.2 0.018

Abbreviations: a-SAH, aneurysmal subarachnoid hemorrhage; VO2peak, peak oxygen consumption; VEpeak, 
peak minute ventilation; VO2peak/HRpeak; peak oxygen pulse; VCO2, carbon dioxide consumption; RER, respi-
ratory exchange ratio; PO, power output; VAT, ventilatory anaerobic threshold; HRpeak, peak heart rate RR, 
respiratory rate.
#The ventilatory anaerobic threshold could be determined in 23 patients and was compared with their 
matched controls (n=23);
†Significantly different after Bonferroni correction adjusting for multiplicity: p=0.05/14=0.004.
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cardiorespiratory fitness and fatigue

Table 4 presents CPET outcome of fatigued and non-fatigued patients, and control 
subjects. In non-fatigued patients, nine patients (56%) terminated the test because of 
dyspnea and seven (44%) because of muscular fatigue. In fatigued patients, half of the 
patients (n=6) terminated the test because of dyspnea and the other half because of 
muscular fatigue. Fatigued patients had a mean V ̇O2peak of 19.4 (SD 4.1) mL·kg-1·min-1 
(63% of matched controls, p<0.001) and non-fatigued patients had a mean V ̇O2peak of 
23.9 (SD 6.9) mL·kg-1·min-1 (74% of matched controls, p=0.002). All other cardiorespira-
tory responses, except VEpeak in non-fatigued patients, were lower in patients than in 
controls; fatigued patients performed at a level ranging from 52% to 70% of controls, 
and non-fatigued patients at a level ranging from 70% to 84% (Table 4).

DiScUSSion

To our knowledge, this is the first study to investigate cardiorespiratory responses to 
progressive CPET in patients who have suffered an a-SAH. Cardiorespiratory fitness was 
significantly lower in patients compared to sex- and age-matched controls. Although 
we hypothesized that the cardiorespiratory fitness would be particularly impaired in 
fatigued patients, this study shows that VO2peak was also limited in non-fatigued patients. 
Furthermore, this study demonstrates that progressive CPET can be safely performed 
in a substantial group of patients with a-SAH if medical pre-screening procedures are 
implemented.

The present study shows impaired cardiorespiratory fitness in patients with a-SAH; 
mean V ̇O2peak was 69% of controls. Compared to patients with stroke, not caused by a-
SAH, levels of cardiorespiratory fitness are somewhat higher.14 This can be explained by 
the fact that the patients in our study had a relatively good functional outcome; there 
were no signs of paresis or spasticity. Therefore, they are more likely to maintain physical 
activities and preserve their cardiorespiratory fitness.29-31 Further, premorbid physical 
inactivity, with reduced cardiorespiratory fitness, is a designated risk factor for stroke, 
whereas this is not known for patients with a-SAH.32, 33

Many factors could potentially contribute to a limited V ̇O2peak  in a-SAH. Increased oxygen 
uptake by the muscle cells in response to physical effort, requires increased pulmonary 
capacity and cardiac output. According to the present findings, patients showed both a 
lower VEpeak  and a lower peak oxygen pulse. This may result from physical decondition-
ing, a mechanism that is supported by the fact that patients participated less in sports 
and/or moderate intensive physical activities.
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Patients with a-SAH reached VAT at earlier stages of CPET than controls. This implies 
that anaerobic oxidation, with subsequent accumulation of lactate in the blood, starts 
during milder physical effort. Because the perceived physical exertion at VAT is found 
to be ‘heavy’,34 reaching VAT at milder physical effort may impact the performance of 
daily activities. Although limitations in cardiorespiratory fitness impact daily physical 
functioning in stroke,15, 35 not caused by a-SAH, future research is needed to investigate 
its impact in patients with a-SAH.

Although non-fatigued patients had lower V ̇O2peak than controls (74% of controls), V ̇O2peak 
seems to be more impaired in fatigued patients (63% of controls). This can be explained 
by the fact that fatigued patients may be more prone to initiate a degenerative circle of 
physical deconditioning, in which fatigue leads to the avoidance of physical activities 
which consequently reduces the cardiorespiratory fitness, which may further increase 
fatigue complaints.36 Associations are reported between cardiorespiratory fitness and 
fatigue among several non-stroke patient groups.9-12 However, research on such rela-
tionships in stroke is limited.8 Intervention studies are warranted to investigate whether 
improved levels of cardiorespiratory fitness reduces fatigue after a-SAH.

A recent report recommends exercise training as an integral component of stroke reha-
bilitation.15 The present study indicates that patients with a-SAH may also benefit from 
exercise training. Previous studies showed that exercise training can improve VO2peak 
by 9-23% after stroke.37, 38 Moreover, Zedlitz et al. found additional benefits of graded 
exercise training on post-stroke fatigue.16 Future intervention studies are warranted to 
investigate the beneficial effects of exercise training in patients with a-SAH.

The strength of the present study is the inclusion of a sex- and age-matched control 
group. Patients and controls performed identical CPET measurements which allowed 
better interpretation of the CPET results. The inclusion of a comparison group is a 
frequently used method studying cardiorespiratory responses in patients, including 
patients with stroke.39, 40

Study limitations

Some possible limitations should be discussed. First, selection bias may have occurred. 
Patients were excluded when they were not eligible to perform CPET. Therefore, we 
might have excluded those with a poor-grade a-SAH. Since these patients are more likely 
to have worse outcome, this might have led to an underestimation of the limitations in 
cardiorespiratory fitness. However, 18% of the sample had a poor-grade a-SAH (WFNS 
grade: IV-V), which is comparable to poor-grade a-SAH in the patient population where 
frequencies range from 18% to 24%.41 It should be noted that more female patients 
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participated; only eight male patients participated (=29%). This can partly be explained 
by the fact that females have a higher risk of a-SAH than males;42 the incidence of a-SAH 
in the Netherlands for men is 7.6 per 100,000 persons per year and for women 11.2 per 
100,000 persons per year.43 Because controls volunteered to participate, they might be 
more likely to take part in sports or moderate intensive daily physical activities. This 
might have led to an overestimation of the cardiorespiratory limitations after a-SAH. No 
appropriate norm data are available on participation in sports and/or moderate inten-
sive daily physical activities. However, Dutch data on sports participation solely (75% of 
the Dutch population participates in sports activities),44 suggest that our control group 
is representative for the Dutch population. Another limitation is that we do not know 
whether impaired cardiorespiratory fitness is a consequence of a-SAH or whether it was 
already present prior to the index event. However, premorbid physical inactivity and, 
inherently, impaired cardiorespiratory fitness is not a known risk factor for a-SAH. Con-
sidering the invasive CPET measurements, the present sample size is worth mentioning. 
However, the subdivision based on the presence of fatigue leads to smaller subgroups, 
which may be considered as a possible limitation. Because fatigue is one of the most 
distressing complaints, and cardiorespiratory fitness has not yet been studied in a-SAH, 
we considered it important to differentiate between fatigued and non-fatigued patients.

concLUSionS

In conclusion, cardiorespiratory fitness is limited in patients with a-SAH, both in fatigued 
and non-fatigued patients. It seems that deficits in cardiorespiratory fitness were larger 
in fatigued patients than in non-fatigued patients, indicating the presence of a physical 
component in fatigue after a-SAH. Longitudinal studies are warranted to investigate 
the course of fatigue over time. Future research on interventions aiming at improving 
cardiorespiratory fitness seems necessary, and should evaluate whether higher levels of 
cardiorespiratory fitness reduces fatigue in a-SAH.
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ABStrAct

Background: Peak oxygen uptake (VO2peak  ) established during progressive car-
diopulmonary exercise testing (CPET) is the ‘gold-standard’ for cardiopulmonary 
fitness. However, CPET measurements may be limited in patients with aneurysmal 
subarachnoid hemorrhage (a-SAH) by disease related complaints, such as cardiovas-
cular health-risks or anxiety. Furthermore, CPET with gas-exchange analyses require 
specialized knowledge and infrastructure with limited availability in most rehabilita-
tion facilities.

objectives: To determine whether an easy-to-administer six minute walk test (6MWT) 
is a valid clinical alternative to progressive CPET in order to predict V ̇O2peak in patients 
with a-SAH.

methods: Twenty-seven patients performed the 6MWT and CPET with gas-exchange 
analyses on a cycle ergometer. Univariate and multivariate regression models were 
made to investigate the predictability of V ̇O2peak from the six minute walk distance 
(6MWD).

results: Univariate regression showed that the 6MWD was strongly related to V ̇O2peak 
(r=0.75, p<0.001), with an explained variance of 56% and a prediction error of 4.12 
mL·kg-1·min-1, representing 18% of mean V ̇O2peak. Adding age and sex to an extended 
multivariate regression model improved the relationship (r=0.82, p<.001), with an 
explained variance of 67% and a prediction error of 3.67 mL·kg-1·min-1 corresponding 
to 16% of mean V ̇O2peak.

conclusions: The 6MWT is an easy-to-administer submaximal exercise test that 
can be selected to estimate the cardiopulmonary fitness at an aggregated level, in 
groups of patients with a-SAH, which may help to evaluate interventions in a clinical 
or research setting. However, the relatively large prediction error does not allow for 
an accurate prediction in individual patients.
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introDUction

An aneurysmal subarachnoid hemorrhage (a-SAH) is a subtype of stroke caused by a 
ruptured intracranial aneurysm.1 The incidence rate has remained stable over decades 
ranging from 6 to 8 per 100,000 persons per year.1, 2 It is found that a-SAH has long-
term consequences such as fatigue, depressive symptoms and problems in cognitive 
functioning, that may persist four years post-onset.3, 4 Furthermore, half of the patients 
experience problems in resuming previous activities, 64% report on one or more partici-
pation restrictions, and only one-third is able to fully resume their previous occupation.4-7

Previously, we showed that the cardiopulmonary fitness was approximately 30% 
lower in patients with a-SAH compared to control subjects.8 The beneficial effects of 
improved cardiopulmonary fitness in patients with stroke, not caused by a-SAH, are 
well-recognized and exercise training has become an integral component in stroke 
rehabilitation.9-11 However, the benefits of improved cardiopulmonary fitness remain to 
be established in patients with a-SAH. The assessment of cardiopulmonary fitness may 
help to target and improve rehabilitation programs for patients with a-SAH.

The gold standard for measuring cardiopulmonary fitness is peak oxygen uptake (VO-

2peak) obtained with indirect calorimetry during progressive cardiopulmonary exercise 
testing (CPET).12 However, disease-related complaints, such as cardiovascular health 
risks or anxiety, may limit the use of progressive CPET in patients with a-SAH.13, 14 More-
over, progressive CPET measurement with gas exchange analyses requires specialized 
knowledge and infrastructure, with limited availability in most rehabilitation facilities.

The six minute walk test (6MWT) is an easy-to-administer submaximal exercise test, in 
which the covered distance walked within six minutes is measured.15 The six minute walk 
distance (6MWD) is found to be predictive of VO2peak in patients with cardiopulmonary 
disorders.16-18 However, in patients with stroke, not caused by an a-SAH, the 6MWD seems 
to be less predictive of VO2peak. Associations between 6MWD and VO2peak range from 0.34 
to 0.74.19 The 6MWD seems to be more determined by the walking capacity rather than 
by VO2peak.19-22 Since patients with a-SAH usually do not suffer from neuro-motor lesions, 
such as paresis or spasticity, directly affecting the walking capacity,23, 24 we hypothesize 
that the 6MWD is indicative of VO2peak in patients with a-SAH. If we confirm our hypoth-
esis, the 6MWT may be an easy-to-use instrument to assess the cardiopulmonary fitness, 
and would be of great value in daily clinical practice.
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metHoDS

Setting and participants

This cross-sectional study, entitled HIPS-Rehab, was part of the longitudinal obser-
vational study: ‘Hypopituitarism In Patients after Subarachnoid haemorrhage study 
(HIPS)’.25 This study describes measures of physical fitness that were obtained at six 
months post a-SAH. The study was approved by the Medical Ethics Committee of the 
Erasmus University Medical Center, and all participants gave written informed consent.

Patients with a-SAH admitted to the department of Neurology of the Erasmus Medical 
Center between June 2009 and June 2012 were eligible for inclusion when they were 
discharged from the Intensive Care Unit and aged ≥18 years. Diagnosis of a-SAH was 
confirmed by computerized tomography (CT) of the brain and, in cases with negative 
CT, by lumbar puncture. Presence and location of the aneurysm was determined by CT 
angiography and/or a digital subtraction angiography.

Excluded from the study were patients meeting any of the following criteria: hypotha-
lamic or pituitary disease diagnosed prior to a-SAH; history of cranial irradiation; trauma 
capitis prior to a-SAH; other intracranial lesion apart from a-SAH; or other medical or 
psychiatric condition or laboratory abnormality that may interfere with the outcome of 
the study. Additional exclusion criteria regarding the CPET measurements were: aged 
≥70 years, and absolute contra-indication for progressive CPET.

Procedures

Contraindications and health risks for physical exercise were examined by treating 
physician using the guidelines for exercise testing and prescription, established by the 
American College of Sports Medicine (ACSM)26 and the Physical Activity Readiness Ques-
tionnaire (PAR-Q).27 Hereafter, 6MWT and progressive CPET were performed sequentially 
in this order. Sufficient resting periods were provided between tests. A sports physician 
served as an emergency back-up during progressive CPET.

Six Minute Walk Test (6MWT)
The 6MWT is an easy-to-administer submaximal exercise test and was applied as de-
scribed by the American Thoracic Society.28 The 6MWT showed good to excellent test-
retest reliability after stroke.29 Participants were instructed to walk as far as they could 
along a 30-m indoor, continuous track with a hard surface during a 6-min period. The 
6MWT was not practiced beforehand, since this resembles clinical practice. Consistent 
encouragement was provided after each minute. Participants were allowed to take rest 
during the test, but were instructed to resume walking as soon as they were able to do 
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so.28 The 6MWD (m) was registered at the end of the test. Heart rate (HR) was recorded 
using a HR monitor.

Cardiopulmonary Exercise Test (CPET)
Progressive CPET was performed on an electronically braked cycle ergometer, which 
is considered feasible and safe in patients with stroke who underwent pre-test medi-
cal screening.30 A ramp protocol was implemented which was preceded by a 4-minute 
warm-up. Hereafter, the resistance increased every 10 seconds (for women: 12W/min, for 
men: 16W/min) to ensure that volitional exhaustion was reached within 8 to 14 minutes. 
The participants were instructed to pedal at a rate of 60 to 70 revolutions per minute. 
CPET was terminated when participants voluntary stopped or unable to maintain the 
target pedal rate. CPET could also be terminated because of increased health risks, as 
prescribed in the guidelines of the ACSM.31

During progressive CPET, blood pressure was measured for safety reasons using an 
automatic system, and heart function was monitored continuously with a 12-lead 
electrocardiogram. Gas exchange analyses were applied by indirect calorimetry using 
a breath-by-breath oximetry analysing system. Before each measurement, volume and 
gas calibrations were performed. Peak oxygen uptake was defined as the highest mean 
oxygen uptake during 30 seconds of exercise and was expressed in absolute VO2peak 
(mL·min-1) and V ̇O2peak per kilogram body mass (mL·kg-1·min-1).

Only data of participants that met at least one of the objective criteria for maximal 
physical exertion were included in the final analyses. The following criteria were used to 
objectively determine the intensity of maximal exercise testing: 1) respiratory exchange 
ratio (RER) >1.0,32 or 2) peak heart rate (HRpeak) within 10 beats per minute (bpm) of the 
age-predicted maximum heart rate (HRmax), calculated from the formula of Tanaka et 
al.:33

HRmax = 208  −   ( 0.7  *  age )

As beta-blocker medication reduces HRmax by 25-30%,30 the equation was adjusted for 
those with beta-blocker medication:

HRmax = 0.70 *   [ 208  −  (0.7  *  age) ]

Clinical characteristics
The following clinical characteristics were collected to describe the study population: 
World Federation of Neurologic Surgeons (WFNS) grade,34 Glasgow Coma Scale (GCS) 
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score,35 location of aneurysm and treatment modality. Additionally, neurologic morbid-
ity, such as paresis or spasticity, was examined and Body Mass Index (BMI) was calculated 
from height and body mass (kg/m²).

Statistical analyses

Participants meeting the objective criteria for maximal exercise testing were included in 
the final analyses. All data are expressed as mean (SD) unless otherwise indicated. The 
assumptions for normality and linear regression analyses were met. To compare clinical 
characteristics of participants versus non-participants, independent t-tests were used 
for continuous data and chi-square tests were used for categorical data.

A univariate linear regression model was made, selecting V ̇O2peak as dependent variable 
and 6MWD (m) as independent variable. In a multivariate linear regression model age 
and sex were added using step-wise regression with variables being added in a forward 
model. The explained variance (r2) and the correlation coefficient (r) were analysed. 
Although there are no hard rules to describe correlational strength, we considered a 
correlation coefficient of r>0.70 as a strong correlation, representing a good estimation 
of the V ̇O2peak at an aggregated group level.36 Furthermore, the Standard Error of the Esti-
mate (SEE), as a percentage of mean V ̇O2peak was calculated to determine the magnitude 
of prediction error which reflects the prediction accuracy at an individual level.

Additionally, paired samples t-test was used to compare the 6MWD with normative 
values which were calculated from the formula established by Enright et al.37 All analyses 
were performed using IBM SPSS Statistics, version 20, and a probability value of p<0.05 
was considered statistically significant.

reSULtS

Between June 2009 and June 2012, 241 patients were admitted to the ICU with a diag-
nosis of a-SAH, 84 were included in HIPS of which 52 volunteered to participate in HIPS-
Rehab. Participants in HIPS-Rehab (n=52) did not differ from non-participants (n=32) 
regarding: sex (p=0.291), age (p=0.996), WFNS-grade (p=0.505), GCS-score (p=0.136), 
location of the aneurysm (p=0.469), treatment modality (p=0.489), and presence of 
hypopituitarism (p=0.353) or hydrocephalus (p=0.559).

Of the 52 patients included, 27 patients performed successful measurements of 6MWT 
and CPET (52%); nine were aged ≥70 years, seven could not perform CPET because of 
logistic reasons, five had absolute contraindications to CPET, two did not meet the ob-
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jective criteria for maximal physical exertion, one was not able to perform CPET because 
of an additional injury and another one could not perform 6MWT because of visual im-
pairment. Despite the fact that patients were younger (mean age difference=6.8 years; 
95% CI of the difference: -12.94 to -0.057; p=0.033), there were no significant differences 
compared with those who were excluded from the final analysis (n=25). Table 1 presents 
characteristics of the participants.

Most patients had a ruptured aneurysm in the anterior circulation (63%), 78% under-
went endovascular coiling, and 23 (85%) were graded to WFNS I or II and had a mean 
GCS-score of 13.7 (SD 2.3). Participants did not have neuro-motor deficits such as paresis 
or spasticity.

Although 21 participants (78%) had an increased health risk for physical exercise, there 
were no serious unexpected side-effects observed during or after 6MWT or progressive 
CPET. Outcome measures of 6MWT and CPET are presented in Table 2. Mean 6MWD was 
498 (SD 98) m, which is significantly lower than the calculated mean norm values (557 
(SD 70) m; 95% CI of the difference=-99.1 to -18.6; p=0.006).37 HR at the end of 6MWT 

table 1. Clinical characteristics.

Characteristics Patients with a-SAH
(n=27)

Sex, male n (%) 8 (30%)

Age (years), mean (SD) 53.0 (8.9)

Weight (kg), mean (SD) 74.8 (10.3)

BMI (kg/m²), mean (SD) 25.9 (3.7)

WFNS grade, n (%)

 I 14 (52%) 

 II 9 (33%) 

 III 0 

 IV 3 (11%) 

 V 1 (4%) 

Glasgow Coma Scale-score, mean (SD) 13.7 (2.3)

Location aneurysm, n (%)

 - Anterior circulation 17 (63%) 

 - Posterior circulation 10 (37%) 

Treatment procedure, n (%)

 - Surgical clipping 6 (22%) 

 - Endovascular coiling* 21 (78%) 

Abbreviations: BMI, Body Mass Index (kg/m2); WFNS grade, World Federation of Neurologic Surgeons grad-
ing system for subarachnoid hemorrhage.
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was 114 (SD 20) bpm, reflecting 67% of predicted maximum HR (171 (SD 6) bpm). Results 
for CPET measurement showed a mean V ̇O2peak of 22.3 (SD 6.0) mL·kg-1·min-1, with a mean 
peak HR of 152 (SD 24) bpm, reflecting 89% of predicted maximum HR (171 (SD 6) bpm).

Univariate linear regression model, with V ̇O2peak as dependent variable and 6MWD as 
independent variable revealed a strong relationship (r=0.75; β=0.05; 95% CI of β: 0.03 to 
0.06; p<0.001), with an explained variance of 56% (Table 3). SEE was 4.12 mL·kg-1·min-1, 
representing 18% of mean V ̇O2peak. Figure 1 shows the relationship between V ̇O2peak and 

table 2. Results of the six-minute walk test and cardiopulmonary exercise test.

Exercise testing Patients with a-SAH (n=27)

6mWt, mean (SD)

6MWD (m) 498 (98)

HR (bpm) 114 (20)

cPet, means (SD)

Time until VO2peak (min:sec) 09:45 (01:50)

VO2peak (mL·min-1) 1664.4 (500.8)

V̇O2peak (mL·kg-1·min-1) 22.3 (6.0)

VEpeak (L·min-1) 70.4 (23.7)

Maximum Load (W) 132.9 (44.7)

HRpeak (bpm) 152 (24)

RERpeak (VCO2/VO2) 1.15 (0.08)

Abbreviations: 6MWT, 6-minute walk test; 6MWD, 6-minute walk distance; HR, heart rate; bpm, beats per 
minute; VO2peak, peak oxygen uptake; VEpeak:, peak minute ventilation; HRpeak, peak heart rate; RER, respira-
tory exchange ratio.

table 3. Univariate and multivariate linear regression analysis with V ̇O2peak (mL·kg-1·min-1) as dependent 
variable and the 6-minute walk distance (6MWD) as independent variable.

β (95% CI) ‡ p R r2 SEE (SEE/mean)*100†

Univariate

constant -0.70 0.75 0.56 4.12 18%

6MWD (m) 0.05 (0.03 to 0.06) <0.001

multivariate#

constant 12.10 0.82 0.63 3.67 16%

6MWD 0.04 (0.03 to 0.06) <0.001

Age -0.21 (-0.38 to -0.04) 0.017

Sex 1.52 (-1.76 to 4.80) 0.349

Abbreviations: SEE, Standard Error of the Estimate.
‡ Unstandardized β-coefficients;
† SEE expressed as percentage of mean V ̇O2peak;
# In the multivariate model sex and age were included; sex was coded 0 for men and 1 for women.
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6MWD. The extended multivariate linear regression model was significant (p<0.001), 
with an explained variance of 67% and SEE of 3.67 mL·kg-1·min-1, representing 16% 
of mean V ̇O2peak (Table 3). In addition to the 6MWD (β=0.04; 95% CI of β: 0.03 to 0.06; 
p<0.001), we found that age significantly contributes to the prediction of V ̇O2peak (β=-
0.21; 95% CI of β: -0.38 to -0.04; p=0.017), whereas sex did not (β=1.52; 95% CI for β: -1.76 
to 4.80; p=0.349).

DiScUSSion

The present study examined whether the 6MWT is a valid alternative to progressive 
CPET to predict the cardiopulmonary fitness after a-SAH. A significant and strong 
correlation was found between the 6MWD and V ̇O2peak (r=0.82), with a prediction er-
ror representing 16% of mean V ̇O2peak. Since post-stroke exercise programs improve 
cardiopulmonary fitness by 9-23%,38 we consider the prediction error of 16% too large 
to accurately predict V ̇O2peak at an individual level. However, the 6MWT can be used to 
predict cardiopulmonary fitness at an aggregated level in groups of patients with a-SAH 
in clinical and research settings.

According to Outermans et al., correlational strength between V ̇O2peak  and 6MWD in 
patients with stroke, not caused by a-SAH, ranges from 0.34-0.74.19 It is reported that 
this relationship in stroke is more determined by balance problems and neuro-motor 
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Figure 1. Relationship between peak oxygen uptake (V ̇O2peak) and 6-minute walk distance.
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impairments, affecting walking ability, rather than by a limited V ̇O2peak.19, 20 Patterson et 
al. showed that the variance in 6MWD in patients with stroke was explained by V ̇O2peak 
for those who walked more quickly, and by balance for those who walked more slowly.39 
In our study, the relatively strong relationship between 6MWD and V ̇O2peak can be ex-
plained by the fact that patients with a-SAH have relatively mild neurologic morbidity 
that interferes with the walking ability of patients.

The present findings are in line with studies in patients with cardiopulmonary disor-
ders, where correlational strength between the 6MWD and V ̇O2peak ranges from 0.68 to 
0.82.40, 41 Ross et al.17 studied the predictability of V ̇O2peak from the 6MWD by analysing 
the magnitude of the SEE across 10 different studies, including 1,083 cardiopulmonary 
patients. They found moderate-to-strong relationships and reported on a poor predic-
tion accuracy as well; they concluded that the 6MWT can be used to estimate mean 
V ̇O2peak at an aggregated level, but that the 6MWT cannot predict V ̇O2peak at an individual 
level.

In patients with a-SAH, mean 6MWD was found to be 498m, which is higher compared 
to patients with other types of stroke (6MWD ranges from 216-401 m).19 However, the 
mean 6MWD is 25% lower compared to that of sex and age-matched norm values, sug-
gesting compromised cardiopulmonary fitness.37

Five participants had absolute contraindications for progressive CPET and the majority 
had increased health risks for physical exercise. This emphasizes the need for safe and 
valid submaximal alternatives to progressive CPET in a-SAH. Since the 6MWT cannot 
accurately predict V ̇O2peak   at an individual level, studies are warranted to investigate 
other options. Future research may consider the use of submaximal cycle ergometer 
protocols. A recently introduced submaximal cycle ergometer test by Ekblom-Bak et 
al. predicts V ̇O2peak with a small prediction error that represents 9.3% of mean V ̇O2peak.42 
However, its validity needs to be determined in various patient categories.

Study limitations

Since prediction models often require large study samples, our sample size can be 
considered a limitation. However, considering the invasive CPET measurement and the 
rather low prevalence rate of a-SAH, the present sample size is worth mentioning in the 
stroke literature. Another limitation is that selection bias may have occurred towards 
patients who are willing to perform exercise until voluntary exhaustion, which may have 
affected the external validity of our findings. However, apart from age, participants did 
not significantly differ from non-participants (also not for WFNS grade and GCS-score 
at admission). Finally, for pragmatic reasons, the 6MWT and the CPET were performed 
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on a single day. Although we provided ample resting time, ideally the tests should be 
performed on separate days to provide sufficient rest between the tests.

concLUSionS

The 6MWD was strongly related to V ̇O2peak in patients with a-SAH. Therefore, the 6MWT 
can be used to predict mean V ̇O2peak at an aggregated group level. This is relevant for 
the evaluation of therapy programs in the clinical setting and for research purposes. 
However, the prediction error was too large to accurately predict V ̇O2peak in individual 
patients. Since the importance of cardiopulmonary fitness is well-recognized across 
different patient groups, easy-to-administer submaximal exercise tests need to be iden-
tified, to target and improve rehabilitation for patients with a-SAH.
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ABStrAct

Background: Physical inactive and sedentary lifestyles and low functional outcome 
are thought to impact the level of physical fitness in patients with a-SAH. However, 
longitudinal changes in physical fitness and relationships with activities and func-
tional outcome have not been studied in a-SAH.

objective: To evaluate the level of physical fitness in the first year after a-SAH, and to 
explore longitudinal relationships with physical activity (PA), sedentary behavior (SB) 
and functional outcome. Additionally, we have evaluated whether physical fitness 
could be predicted by disease-related characteristics.

Design: Prospective one-year follow-up.

methods: Fifty-two patients performed exercise testing at six and twelve months 
post a-SAH. Cardiopulmonary exercise testing and isokinetic dynamometry were 
applied to determine the peak oxygen uptake (V ̇O2peak) and the peak torque of the 
knee extensors (PText) and flexors (PTflex). In addition, PA and SB were evaluated by 
accelerometer-based activity-monitoring. The functional outcome was assessed by 
the FIM+FAM. Disease-related characteristics were collected at hospital intake.

results: All fitness parameters were lower compared to reference values at both six 
and twelve months post a-SAH (ranging from 18-28%). Positive relationships were 
found between PA on the one hand and V ̇O2peak and PTflex on the other, and between 
FIM+FAM-scores and PText and PTflex. Further, patients who underwent surgical clip-
ping had lower V ̇O2peak and PTflex.

Limitations: Longitudinal observations cannot confirm causality.

conclusions: Levels of physical fitness remain low over the first year after a-SAH. Pa-
tients who were physically more active had higher physical fitness, whereas patients 
with impaired functional outcome, or treated with surgical clipping are at risk of low 
physical fitness. Exercise interventions are warranted and should focus on the promo-
tion of PA and target patients with impaired functional outcome or those who had 
been treated with surgical clipping.
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introDUction

Aneurysmal subarachnoid hemorrhage (a-SAH) is a life-threatening condition and ac-
counts for 3% to 5% of all stroke cases.1 Depending on its’ severity, a-SAH is associated 
with a mortality rate that ranges from 40% to 60% within the first month.2 The incidence 
rate ranges from 4 to 10 per 100.000 persons per year.2 Most patients regain indepen-
dence in daily functioning.3 However, more than two-thirds experience restrictions in 
daily activities and cannot regain pre-morbid level of participation.4, 5 Since the mean 
age at which a-SAH occurs is reasonably young at 55 years,2 these restrictions can have 
a devastating and long-lasting impact on daily life.

Because most patients with a-SAH experience restrictions in daily activities, patients may 
be predisposed to inactive and sedentary lifestyles. As a consequence, patients may be 
at risk of low physical fitness.6 Physical fitness refers to a set of physiological attributes 
that a person has or achieves, and confers the ability to carry out daily activities without 
undue fatigue.6 Cardiorespiratory fitness and knee muscle strength are important as-
pects of physical fitness and found to be indicative of independent daily living.7, 8 Previ-
ous cross-sectional studies showed impaired cardiorespiratory fitness (62% to 77% of 
controls) and knee muscle strength (64% to 78% of controls) at six months post a-SAH.9 
However, longitudinal studies are warranted to evaluate changes in physical fitness and 
related factors over time, which would provide important clinical information to target 
therapeutic interventions.

Studies in patients with stroke, other than a-SAH, showed that the cardiorespiratory 
fitness and knee muscle strength were consistently low over time, ranging from 48% 
to 87%, and from 25% to 83% of controls, respectively.10, 11 Deficits were found up to 
5 years post onset, and exercise training has become an integral component in stroke 
rehabilitation.12 Patients with stroke who were less physically active, more severely dis-
abled, or functionally more compromised are at risk of low physical fitness.13-15 Since the 
origin of brain damage differs between patients with ischemic or hemorrhagic stroke 
and patients with a-SAH (focal vs. diffuse brain damage), it is not clear whether these 
factors play a similar role in fitness after a-SAH. In a-SAH, the severity of initial outcome, 
treatment procedure (surgical clipping vs. endovascular coiling), location of aneurysm 
(anterior vs. posterior), and pituitary dysfunction are known predictors of long-term out-
come.2, 3, 16 Therefore, these factors may play a role in physical fitness after a-SAH as well.

The primary goal was to evaluate the level of physical fitness over the first year after a-
SAH, and to explore longitudinal relationships with physical activity, sedentary behavior 
and functional outcome. Secondary, we have evaluated whether physical fitness can be 
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predicted by disease-related characteristics to identify patients at risk of low physical 
fitness. Repeated measurements of physical fitness, physical activity, sedentary behav-
ior and functional outcome were performed at six and twelve months post a-SAH. We 
hypothesized that physical fitness remains low over the first year, and that low levels 
of physical fitness are related to physical inactive and sedentary lifestyles. Further, we 
hypothesized that patients with more severe a-SAH at hospital intake and those who 
had been treated with surgical clipping have lower physical fitness.

metHoDS

Participants and design

This study entitled HIPS-Rehab and was part of the ‘Hypopituitarism In Patients after 
Subarachnoid hemorrhage (HIPS) study’.17 Data collection, clinical definitions of a-SAH 
and inclusion criteria have been published previously.9, 17 Personal and disease-related 
characteristics were collected at hospital intake, and measures of physical fitness, 
physical behavior and functional outcome were assessed at six and twelve months post 
onset. This study was approved by the Medical Ethics Committee of the Erasmus MC. All 
participants provided written informed consent.

Primary outcome

Physical fitness was assessed by analyzing the cardiorespiratory fitness and isokinetic 
knee muscle strength. Safety procedures were implemented prior to exercise testing. 
All participants were screened for medical contraindications to exercise by treat-
ing neurologist. In addition, all participants fulfilled the Physical Activity Readiness 
Questionnaire.18 Exercise testing was not carried out if there was any suspicion of an 
underlying cardiovascular or pulmonary pathology that may increase the risk of medical 
complications during exercise testing.

Cardiorespiratory fitness was assessed by cardiopulmonary exercise testing (CPET) on a 
cycle ergometer (Jaeger ER800, Jaeger Toennies, Breda, The Netherlands). CPET was pre-
ceded by a 4-minute warm-up without resistance after which the resistance increased 
automatically every 10 seconds to ensure that voluntary exhaustion was reached within 
8-14 minutes (increment for women: 12W/min; men: 16W/min). The test stopped when 
the participants were not able to maintain the target pedal rate (60-70 revolutions per 
minute). CPET could also be terminated because of medical complications, as prescribed 
by the guidelines of the American College of Sports Medicine (ACSM).19 During CPET, 
gas exchanges were analyzed by indirect calorimetry (Oxycon Pro, ViaSys Healthcare, 
Houten, The Netherlands). Peak oxygen uptake (VO2peak) was measured at peak physical 
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work rate which was defined as the highest mean peak value during 30 sec of exercise, 
and was expressed in relative V ̇O2peak per kilogram body mass (mL∙kg-1∙min-1).

In order to determine whether participants reached maximal physical exertion we used the 
following objective criteria: (I) RER>1.020 or (II) HRpeak within 10 bpm of the age predicted 
maximum heart rate (HRmax), calculated from the following formula of Tanaka et al.21:

HRmax = 208 − ( 0.7 * age )

As beta-blocker medication reduces HRmax by approximately 25-30%,22 we adjusted the 
formula for participants with beta-blocker medication:

HRmax = 0.70 * [ 208 − (0.7 * age) ]

Knee muscle strength was assessed by isokinetic dynamometry using the Biodex Dyna-
mometer (Biodex, Shirley, New York, USA). Adjustable seatbelts were used to minimize 
body movements. The lateral femoral epicondyle was aligned with the rotational axis of 
the dynamometer. Peak torque (PT) of the knee extensors (PText) and flexors (PTflex) were 
recorded in torque (Nm) and corrected for body mass (Nm∙kg-1). The test protocol in-
volved 5 maximal knee extension and flexion contractions at 60°/s. PT was considered as 
the maximum torque generated throughout one series of repetitions. We calculated the 
average PT of both limbs because there were no significant differences in PT between 
the left and right lower limb.

Secondary outcome

Objective measures of PA and SB were evaluated by accelerometer-based activity 
monitoring (VitaMove, 2M Engineering, Veldhoven, The Netherlands).23 The VitaMove 
consists of three individual body fixed recorders (attached to sternum and both legs) 
(Figure 1). The recorders are wirelessly connected and synchronized every 10 sec. 
Each recorder has its own battery supply and accelerometer (Freescale MMA7260Q, 
Denver, USA). The VitaMove demonstrates validity for quantifying body postures and 
movements in healthy subjects, and in different patient populations.23, 24 Participants 
wore the VitaMove on weekdays, except during swimming, bathing and sleeping. The 
intended duration of measurement was three consecutive days, with a minimum of 
one day.25 Participants were instructed to continue their ordinary daily activities. The 
principles of measurement were explained after all measurements were completed to 
avoid measurement bias. Participants kept activity diaries to report reasons of non-wear 
periods. Accelerometer data were uploaded to a computer for kinematic analyses using 
VitaScore (VitaScore BV, Gemert, The Netherlands).23 The following outcome measures 
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were calculated as the mean of available measurement days: duration of PA (including 
walking, cycling, running, and non-cyclic movements; expressed as a percentage of a 
24-hr period) and duration of SB (including lying and sitting activities; expressed as a 
percentage of waking hours).

Functional outcome was assessed by treating neurologist using the Functional Indepen-
dence Measure and Functional Assessment Measure (FIM+FAM).26 The FIM+FAM consists 
of 30 items and evaluates functional independence by examining self-care, transfers and 
mobility, communication, and cognitive and psychosocial daily functioning (FIM+FAM-
sores ranging from 1 ‘total dependence’ to 7 ‘complete independence’). The FIM+FAM 
showed excellent validity and reliability in patients with stroke.26

Age (in years) and sex were recorded. The following disease-related characteristics were 
collected at hospital intake: (I) severity of a-SAH according to the Glasgow Coma Scale 
(GCS)-score; (II) location of the aneurysm (anterior vs. posterior); (III) treatment procedure 
(surgical clipping vs. endovascular coiling); (iv) a-SAH complications (re-bleed, delayed 
cerebral ischemia, hyponatremia, and hydrocephalus); and (v) pituitary dysfunction.

Figure 1. Placement of the VitaMove activity monitor.
Abbreviations: TR, trunk sensor; RL, right leg sensor; LL, left leg sensor; Lon=longitudinal axis; Sag=sagittal 
axis; Tra=transversal axis
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Statistical analyses

All data are expressed as mean (SD) unless otherwise indicated. Differences in clinical 
characteristics (including sex, age severity of a-SAH (GCS-score), treatment procedure, 
and location of the aneurysm) between participants in HIPS-Rehab (n=52) and those 
who did not participate (but included in HIPS; n=32) were verified by independent t-tests 
for interval variables and by χ2-tests for categorical variables. Descriptive statistics were 
used to describe personal and disease-related characteristics. Parametric tests were used 
because the Shapiro- Wilk test showed that physical fitness data were normally distrib-
uted: V ̇O2peak (W=0.979, p=0.325), PText (W=0.984, p=0.453) and PTflex (W=0.972, p=0.082).

Linear mixed models were created to analyze changes in the estimated mean V ̇O2peak, 
PText and PTflex over follow-up time. Time (follow-up visit) was entered in the model 
as a predictor of the dependent outcome. Linear mixed models were also created to 
explore time-dependent relationships between physical fitness (separate models for 
V ̇O2peak, PText and PTflex) and one of the following factors: PA (%24h), SB (%waking hours) 
and FIM+FAM (range 1-7). The following fixed factors were entered to study whether 
disease-related characteristics can predict physical fitness: GCS-score (range 1-15), 
location of the aneurysm (0=anterior, 1=posterior), treatment procedure (0=clipping, 
1=coiling) and pituitary dysfunction (0=no, 1=yes).

Prediction equations were used to predict the level of physical fitness of patients with 
a-SAH.27, 28 For VO2peak we used the formula established by Fairbarn et al. (1994);27 for 
men: VO2peak = 23 * height + 11.7 * weight − 31 * age − 332; and for women:  VO2peak 
= 15.8 * height + 8.99 * weight − 27 * age + 207. Further, V ̇O2peak was classified according 
to the classification of the Cooper Institute;28 V ̇O2peak levels below the 20th percentile are 
considered ‘very low’, and have been associated with an increased all-cause mortality.29 
For maximal isokinetic PText and PTflex we used the norm values gathered by Sunnerha-
gen et al. (2000).31

Linear mixed models are flexible in handling missing values and these models take 
into account the covariance between measurements within patients. Each model 
was adjusted for sex (0=women, 1=men) and age. Statistically, sex and age were not 
always significant confounders, but were kept in each model because these factors are 
considered of fundamental importance in research on physical fitness,32 leading to the 
following linear mixed model equation:

Y(Fitness) =  β0  +  β1 ∙ Visit  +  β2 ∙ Age  +  β3 ∙ Sex  +  β4 ∙ Factor  +  ε 
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We reported estimated β-coefficients, 95% confidence intervals and p-values. The sig-
nificance level was set at p<0.05. Bonferroni correction was applied to adjust for type I 
error for multiple testing (SPSS Inc, Chicago, IL).

reSULtS

In total, 241 patients were admitted to the Intensive Care Unit with a diagnosis of a-SAH17; 
of the 84 eligible patients 52 participated in the present study. Patient characteristics are 
presented in Table 1. Participants in HIPS-Rehab (n=52) did not differ from those who did 
not participate (but included in HIPS; n=32) with respect to: sex (p=0.291), age (p=0.996), 
severity of a-SAH as determined by GCS-score (p=0.136), treatment procedure (p=0.489) 
and location of the aneurysm (p=0.469). Fifty-two participants were assessed at six months, 
and 42 were assessed at twelve months post onset. However, data of most patients could 
be included in the final analyses because linear mixed models allow patients in the analy-
ses for who some of the data is missing (Figure 2 presents a detailed flow diagram).

Data were not available for all participants at both follow-up times. CPET data of 43 
patients were included in the final analyses (83% of the sample). In total, six patients 
were not able to perform CPET due to contraindications (n=3), logistical reasons (n=2) 
and because of an additional injury (n=1).

table 1. Patient characteristics.

Characteristics Patients with a-SAH
(n=52)

Age (years), mean (SD) 56.1 (13.5)

Sex (men), n(%) 16 (31)

GCS-score, mean (SD) 13.5 (2.1)

Location aneurysm, n(%)
- Anterior
- Posterior

31 (60)
21 (40)

Treatment procedure, n(%)
- Endovascular coiling
- Surgical clipping

47 (79)
11 (21)

Complications, n (%)

- Re-bleed, 0 (-)

- Delayed cerebral ischemia 7 (13%)

- Hyponatremia 6 (12%)

- Hydrocephalus 13 (25%)

Pituitary dysfunction, yes, n (%) 24 (46%)

Note: Data are presented as mean (SD) or n (%).
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Furthermore, CPET data of three patients did not meet the objective criteria for maximal 
physical exertion and were excluded. In total nine patients with successful CPET had 
beta-blocker medication. Isokinetic dynamometry data of 48 patients were included 
(92% of the sample); three were not able to perform isokinetic dynamometry because 
of medical reasons and one because of logistical reasons. Activity monitoring data of 
44 patients were included (85% of the sample); measurements in four patients were 
lost due to technical failure, three did not perform measurement because of logistical 
reasons and one patients refused.

Enrolled in HIPS
(n=84)

Enrolled in HIPS-Rehab
(n=52)

Died on ICU (n=48)

Patients discharged from ICU
(n=193)

Not included in HIPS (n=109)

- met exclusion criteria n=51
- Refusal HIPS n=38
- Discharged prior to inclusion n=20

Patients with a-SAH 
admitted to the ICU

(n=241)

Not included in HIPS-Rehab (n=32)

- Refusal HIPS-Rehab n=27
- Deceased n=2
- Unknown reasons           n=3

Assessment t2       
(n=42)

Lost to follow-up (n=10)

- Medical reasons n=6
- Refusal                       n=2
- Unknown reasons           n=2Assessment t1       

(n=52)

Assessment at t1 only

- Cardiorespiratory     n=9
- Muscle strength          n=12
- Physical Behavior     n=13

Assessment at t1 and t2

- Cardiorespiratory     n=27
- Muscle strength     n=31
- Physical Behavior     n=21

Assessment at t2 only

- Cardiorespiratory     n=7
- Muscle strength     n=5
- Physical Behavior     n=10

Included in final analyses

- Cardiorespiratory     n=43
- Muscle strength     n=48
- Physical Behavior     n=44

Analyses

Figure 2. Flow diagram.
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Physical fitness

Figure 3 shows a graphic presentation of the differences in the estimated V ̇O2peak, PText 
and PTflex between patients and reference at six and twelve months, respectively. The 
estimated mean V ̇O2peak at six and twelve months were significantly lower than reference 
values: 26% lower at six and 21% lower at twelve months (p<0.001).27 At six and twelve 
months, the V ̇O2peak  was considered ‘fair’ in respectively 29% and 30% of the patients, 
and ‘very low’ in respectively 43% and 39%.28 Analyzing individual change (criterion: 
±2.0 mL·kg-1·min-1), showed that the V ̇O2peak improved in 30%, remained stable in 48% 
and deteriorated in 22% of the patients.30 The knee muscle strength was also lower 
compared to reference values at both six (PText was 22% lower and PTflex 28%; p<0.001); 
and twelve months (PText was 18% lower and PTflex 22%; p<0.001).31

Figure 3. Graphic presentation of the estimated mean(SE) for V ̇O2peak (A.), peak torque knee extension (B.), 
and peak torque knee flexion (C.) at six and twelve months post a-SAH compared to reference values.

All CPET measurements were terminated because of volitional fatigue. The estimated 
mean V ̇O2peak increased +6.2% (estimated mean difference=1.417 mL∙kg-1∙min-1; p=0.027), 
while there was a nonsignificant trend for an increase of 5.1% in PText (estimated mean 
difference=0.071 Nm·kg-1 p=0.061) (Table 2). The estimated mean PTflex did not change 
over time (estimated mean difference=0.026 Nm·kg-1 p=0.281). Although patients man-
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aged to exercise towards acceptable cardiorespiratory limits at both follow-up times, 
the estimated mean RERpeak at six months was lower compared to twelve months, 1.13 
(SE 0.01) vs. 1.19 (SE 0.02), respectively (p<0.001). Further, the estimated β-coefficients 
showed that women had 28% lower V ̇O2peak than men and V ̇O2peak decreased 8% per 10 
years of age.

table 2. Estimated mean (SE) values of V ̇O2peak, knee extensor and flexor strength, and daily physical activity 
and sedentary behavior with significance level of change over time.

6 months (t1) 12 months (t2) Δ t1-t2# 95% CI for Δ p-value

V̇O2peak (mL∙kg-1∙min-1) 22.79 (0.94) 24.20 (0.91) +1.417 0.170 to 2.664 0.027*

HRpeak % of predicted HRmax 88.59 (2.37) 90.42 (2.32) +1.824 -1.398 to 5.054 0.255

RERpeak(VCO2/VO2) 1.13 (0.01) 1.19 (0.02) +0.058 0.034 to 0.081 <0.001*

PText (Nm·kg-1) 1.38 (0.06) 1.45 (0.06) +0.071 -0.004 to 0.146 0.061‡

PTflex (Nm·kg-1) 0.61 (0.04) 0.64 (0.04) +0.026 -0.022 to 0.073 0.281

Abbreviations: CI, confidence interval; VO2peak, peak oxygen uptake; HRpeak, peak heart rate; RERpeak; peak 
respiratory exchange ratio; PText, Peak Torque extension; PTflex Peak Torque flexion.
Note: All factors were entered separately in the model with adjustment for sex and age.
#Estimated mean difference (t1 -t2);
*Significant difference (p<0.05);
‡Nonsignificant trend for a difference (p<0.10).

Determinants of physical fitness

Table 3 presents the results of the linear mixed models, evaluating the determinants of 
physical fitness. Total PA (%24h) was positively associated with V ̇O2peak (estimated β=0.638 
mL∙kg-1∙min-1; p=0.006) and PTflex (estimated β=0.018 Nm·kg-1; p=0.037), indicating that 
patients who were physically more active had higher cardiorespiratory fitness and knee 
flexion strength. The FIM+FAM score was significantly related to PText (estimated β=0.125 
Nm·kg-1; p=0.004) and PTflex (estimated β=0.057 Nm·kg-1; p=0.042), indicating that pa-
tients with lower functional outcome had lower knee flexion and extension strength. 
There was no evidence for a relationship between SB and physical fitness.

Further, patients who had been treated with surgical clipping had 22% lower V ̇O2peak 
(estimated β=-4.946 mL∙kg-1∙min-1

  ; p=0.008) and 29% lower PText (estimated β=-0.176 
Nm·kg-1; p=0.029) compared to those who underwent endovascular coiling. Figure 4 
presents the change in physical fitness over the first year, specified by treatment pro-
cedure (surgical clipping vs. endovascular coiling). Other baseline characteristics of 
interest such as GCS-score, location of the aneurysm and pituitary dysfunction were not 
associated with physical fitness.
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6The estimated β-coefficients from the models are presented in Table 3 and reflect the 
change in fitness that is associated with a one-unit change in the predictor. In this ex-
ample we lighten the finding that patients who were physically more active had higher 
V ̇O2peak (estimated β=0.638 mL∙kg-1∙min-1); patients with +1% higher PA have a higher 
V ̇O2peak of +0.638 mL∙kg-1∙min-1 . This finding indicates that 3.1% higher physical activity 
(45 min/24h) is associated with 2.0 mL·kg-1·min-1 higher V ̇O2peak.

DiScUSSion

This one-year follow-up study showed that patients with a-SAH have low physical fit-
ness over the first year.27, 31 More than one-third of the patients had V ̇O2peak  values that 
were considered ‘very low’ at both six and twelve months post onset. Patients who 
were physically more active had higher levels of physical fitness, whereas patients with 
lower functional outcome had lower physical fitness. Further, patients who had been 
treated with surgical clipping are at risk of low physical fitness. Our findings indicate 

Figure 4. Graphic presentation of the estimated mean(SE) for V̇O2peak (A.), peak torque extension (B.) and 
peak torque flexion (C.) at six and twelve months specified for patients who underwent surgical clipping 
or endovascular coiling. Surgical clipping was negatively associated with V̇O2peak (p=0.008) (A.) and peak 
torque flexion (p=0.029) (C.).
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that exercise interventions are warranted. Such intervention should involve both car-
diorespiratory endurance and muscle strengthening components and should consider 
the promotion of PA. Further, these interventions should target patients with impaired 
functional outcome or those who had been treated with surgical clipping.

The applied treatment procedure to close the aneurysm was found to be a predictor of 
physical fitness. The V̇O2peak  of patients who had been treated with surgical clipping was 
22% lower compared to those who underwent endovascular coiling; this was 29% for knee 
flexor strength. Our findings indicate that endovascular coiling favors surgical clipping 
which is in line with a recent meta-analysis that showed that endovascular coiling yields 
optimal clinical outcome compared to surgical clipping.33 Professionals should be aware of 
the fact that patients who had been treated with surgical clipping are at risk of low physical 
fitness. This finding may help to target future interventions in patients with a-SAH.

Physical activity has been related to improved physical fitness across different patient 
groups (e.g. coronary heart disease, diabetes mellites, obesity and stroke).8, 34 In our 
sample we also found that patients who were physically more active had higher V ̇O2peak. 
The estimated β-coefficients revealed that patients with higher PA (45 mins per 24h) 
have a 2.0 mL·kg-1·min-1 higher V ̇O2peak (reflects criterion improvement in stroke). 30 Future 
intervention studies are warranted to investigate whether higher levels of PA improve 
V ̇O2peak in patients with a-SAH. Since PA in our study is based on total PA time, regard-
less intensity of activities, this means that walking or household activities are already 
associated with higher V ̇O2peak. However, from research in sports and exercise we know 
that the intensity of PA plays a decisive role in fitness.6, 14 Future studies are warranted 
to investigate optimal treatment paradigms to improve fitness in patients with a-SAH.

All longitudinal models were corrected for sex and age. According to the estimated 
β-coefficients, female sex and higher age were negatively associated with physical fit-
ness. However, the finding that V ̇O2peak  in women was approximately 28% lower than in 
men, and the fact that V ̇O2peak  decreased 8% per 10-years of age are similar to findings in 
the general population.35, 36

Studies in patients with non a-SAH stroke, showed that exercise training can improve 
the cardiorespiratory fitness by 9-23%.37 Furthermore, exercise training can reduce 
depressive symptoms, prevent complications associated with physical inactivity, and 
decrease the likelihood of recurrent stroke.14, 38 There may be important health benefits 
from exercise training for patients with a-SAH as well. However, exercise interventions 
are lacking in a-SAH. Future intervention studies are warranted to investigate the benefi-
cial effects of exercise training in patients with a-SAH.
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Previous studies have already shown that cognitive impairments and psychological fac-
tors, such as mood and anxiety, lowers functional outcome after a-SAH.3 In this study we 
provide evidence for an association between physical capacity and functional outcome. 
Our results revealed that FIM+FAM-scores were associated to knee flexion and exten-
sion strength, indicating that patients with lower muscle strength had lower functional 
outcome. From ageing studies, we know that improved knee muscle strength contrib-
utes to independent daily functioning.39 It could be argued that improved knee muscle 
strength may also improve functional outcome in a-SAH. Future intervention studies 
are warranted to investigate whether strengthening exercise improves daily functioning 
after a-SAH.

The observed deficits in physical fitness (18% to 28% lower than reference) were smaller 
compared to patients with other types of stroke; where fitness parameters were 13% to 
75% lower than healthy controls.10, 11 This may be explained by the fact that patients with 
ischemic or hemorrhagic stroke are often more disabled due to focal brain damage and 
neuro-motor lesions, and therefore, less likely to maintain active lifestyles. Deficits in our 
group are comparable to patients with transient ischemic attack (TIA) and patients with 
minor ischemic stroke types (21% to 35% lower than controls).13, 40

Most interventions in stroke-rehabilitation are developed for patients with substan-
tial functional disabilities, and therefore, predominantly focused on improving the 
performance of activities in daily living.14 As a result, there are no appropriate exercise 
interventions for patients with minor disability after stroke.38 Our findings indicate that 
exercise interventions in a-SAH should involve both cardiorespiratory endurance and 
strengthening exercise components. Interval training may be advantageous in a-SAH, 
to challenge the cardiorespiratory system without exhausting the muscular system.14 
Further, since we found a positive relationship between PA and physical fitness, future 
exercise programs may consider the promotion of daily PA in patients with a-SAH.

Limitations

Some critical reflections are warranted. First, not all measurements were available for 
all patients. However, the data of most patients could be included in the final analyses 
by estimating the mean outcome using linear mixed model analyses. This statistical 
method takes into account the covariance between measurements within patients. 
Second, we could not confirm causality between parameters. However, the longitudinal 
relationships provide important clinical information about co-existence of problems 
which may help to direct therapeutic options in a-SAH. Ideal a CPET practice trial should 
have been implemented because practice effects of CPET may lead to improvements in 
CPET performance. However, implementing an additional practice trial was not feasible 
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within our study. Finally, selection bias may have occurred towards patients who are 
interested in sports and exercise which may have led to an underestimation of physical 
fitness deficits. However, participants did not differ from those who did not participated 
in HIPS-Rehab but were included in HIPS.

concLUSionS

In summary, physical fitness remained low over the first year after a-SAH. More than 
one-third of the patients had ‘very low’ levels of V ̇O2peak  at six and twelve months post 
onset. Our findings revealed that patients who were physically more active had higher 
levels of physical fitness, whereas patients with impaired functional outcome had lower 
physical fitness. Further, patients who had been treated with surgical clipping are at 
risk of low physical fitness. Exercise interventions are warranted and may consider the 
promotion of daily PA and should target patients with impaired functional outcome 
or those who had been treated with surgical clipping. Future research is warranted to 
investigate whether rehabilitation services can adapt their programs for patients with 
a-SAH in order to meet the needs of these patients.
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ABStrAct

objective: To investigate whether low physical fitness and inactive and sedentary 
lifestyles play a role in the severity of fatigue in patients with an aneurysmal sub-
arachnoid hemorrhage (a-SAH).

Design: Prospective one-year follow-up study.

Setting: University Medical Center.

Participants: A total of 52 patients with aneurysmal subarachnoid hemorrhage.

intervention: Not applicable.

main outcome measures: The Fatigue Severity Scale (FSS)-score, peak oxygen up-
take (V ̇O2peak), isokinetic knee muscle strength (peak torque), physical activity (%24h 
period) and sedentary behavior (% waking hours) were evaluated at six and twelve 
months post onset.

results: Fatigue was highly prevalent in the first year, and reported by 48% of the pa-
tients at six months and by 52% at twelve months post onset. The severity of fatigue 
did not change over follow-up time (p=0.876). Fatigue was predicted by isokinetic 
knee extension (95%CI: -2.878 to -0.960; p<0.001) and flexion strength (95%CI: -4.562 
to -1.615; p<0.001). A non-significant trend for a relationship was found between 
fatigue and V ̇O2peak (95%CI: -0.149 to 0.009; p=0.079). No relationships were found 
between fatigue and physical activity or sedentary behavior. Further, fatigue could 
not be predicted by disease-related characteristics.

conclusions: Half of the patients were fatigued in the first year after a-SAH. Pa-
tients with lower physical fitness seem to be more severely fatigued. Interventions 
are necessary to reduce fatigue, and should consider exercise training as potential 
contributor to a multimodal treatment, preventing debilitating conditions in patients 
with a-SAH.
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introDUction

Aneurysmal subarachnoid hemorrhage (a-SAH) is characterized by the extravasation 
of blood into the subarachnoid space and is caused by a spontaneous rupture of an 
intracranial aneurysm.1 Fatigue is the most frequently reported complaint, and may be 
present up to seven years post a-SAH.2 Fatigue impacts the quality of life after a-SAH,2 
and is a strong predictor of death in patients with stroke.3 Fatigue is a multifactorial 
construct, involving both psychological and biological factors.4 Studies in patients with 
a-SAH found associations between fatigue and sleep disturbances, anxiety, depression, 
post-traumatic stress, and cognitive impairment.2 However, these factors could not 
explain all cases of fatigue, and today, the underlying mechanisms remain unclear.

In patients with chronic conditions, fatigue has been associated with physical decon-
ditioning, triggered by physical inactive and sedentary lifestyles.5, 6 Fatigue can easily 
lead to the avoidance of daily activities, and subsequent reductions in physical fitness. 
Because fatigue plays an overwhelming role in daily life of most patients with a-SAH,2 
relationships between fatigue, physical fitness, physical activity (PA) and sedentary 
behavior (SB) are worth-investigating. In a recent cross-sectional study, we have found 
that patients with lower knee muscle strength seemed to be more severely fatigued.7 
However, longitudinal studies on fatigue and physical deconditioning are lacking. 
Insights in the longitudinal relationships between fatigue, physical fitness, PA and SB 
will give important clinical information which could help to improve rehabilitation and 
prevent debilitating conditions in patients with a-SAH.

Another important step in the prevention of fatigue is the identification of subgroups at 
higher risk of fatigue. Previous studies showed that the following disease-related charac-
teristics interact with the long-term health outcomes after a-SAH: the applied treatment 
procedure, location of the aneurysm, presence of pituitary dysfunction and the severity 
of a-SAH.2, 8, 9 In this study we additionally evaluate whether these characteristics are 
predictive of fatigue. The identification of sub-groups at increased risk of fatigue may 
help to direct future interventions.

The primary aim of this study was to investigate whether physical deconditioning, as 
presented by low physical fitness and physical inactive and sedentary lifestyles, play 
a role in fatigue after a-SAH. Secondary, we have evaluated whether fatigue could be 
predicted by disease-related characteristics. In this prospective follow-up, repeated 
measures of fatigue, physical fitness, PA and SB were analyzed at six and twelve months 
post onset. Findings from this study provide important clinical information to improve 
rehabilitation, and direct future interventions.
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metHoDS

Study Design, Setting and Participants

HIPS-Rehab is a prospective cohort study and part of the ‘Hypopituitarism In Patients 
after Subarachnoid hemorrhage (HIPS) study’.8 Individuals (aged ≥18 years) admitted 
to the department of Neurology of the Erasmus University Medical Center in Rotterdam 
between June 2009 and June 2012 were eligible for inclusion when they were diagnosed 
with a-SAH that was confirmed by computerized tomography (CT) of the brain, or in 
cases with negative CT by lumbar puncture. Exclusion criteria were: (I) hypothalamic or 
pituitary disease diagnosed prior to a-SAH, (II) history of cranial irradiation, (III) trauma 
capitis prior to a-SAH, (IV) other intracranial lesion apart from a-SAH, or (V) other medical 
or psychiatric condition or laboratory abnormality that may interfere with the outcome 
of this study. Measurements were performed at six and twelve months post onset. The 
study was approved by the Medical Ethics Committee of the Erasmus University Medical 
Centre. All participants provided written informed consent.

outcome measures

Fatigue
Fatigue was assessed by using the Dutch version of the Fatigue Severity Scale (FSS).10 
The FSS is a nine-item, self-administered questionnaire with scores ranging from 1 
(strongly disagree) to 7 (strongly agree). The mean score of the nine items ranges from 
1 (no signs of fatigue) to 7 (most disabling fatigue). Fatigue is defined a mean score of 
more than one standard deviation (SD) above the mean score for healthy individuals 
(FSS-score≥4.0), and severe fatigue as a mean score of at least two SDs above the mean 
score in healthy individuals (FSS-score≥5.1).11 Internal consistency, reliability and valid-
ity of the FSS have been established in several patient groups, including stroke.10, 11

Physical Fitness
Physical fitness was determined by evaluating the cardiorespiratory fitness and isokinet-
ic knee muscle strength.12 Before exercise testing, participants completed the Physical 
Activity Readiness Questionnaire and were screened for medical contraindications.13 If 
there was any suspicion of an underlying cardiopulmonary pathology, exercise testing 
was not carried out. Patients with absolute contraindications were not excluded because 
they were still able to complete the FSS-questionnaire or perform activity monitoring 
measurement.

The cardiorespiratory fitness was determined by progressive cardiopulmonary exercise 
testing (CPET) on an electronically braked cycle ergometer (Jaeger ER800, Breda, The 
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Netherlands). CPET started with a 4-minute warm-up without resistance. Hereafter, the 
resistance increased automatically every 10 seconds and varied by sex (women: 12W/ 
min; men: 16W/min) to ensure that voluntary exhaustion was reached within 8-14 
minutes. CPET stopped when the participants stopped due to exhaustion or when they 
were unable to maintain target pedal rate (60-70 revolutions per minute). CPET could 
also be terminated because of medical complications, as described in the American 
College of Sports Medicine (ACSM)-guidelines.14 Indirect calorimetry was performed 
using a breath-by-breath analyzing system (Oxycon Pro, Houten, The Netherlands). The 
cardiorespiratory fitness was defined as the highest mean peak value oxygen uptake 
VO2peak   during 30 seconds of exercise, and was expressed in V ̇O2peak   per kilogram body 
mass (mL∙kg-1∙min-1).

The following criteria were used to determine maximal physical exertion: RER>1.0 or 
HRpeak within 10 beats/min of the age predicted maximum heart rate (HRmax); predicted 
by the following formula:

HRmax = 208  −   ( 0.7  *  age )

As beta-blocker medication reduces HRmax by approximately 25-30%,15, 16 we adjusted 
the formula for participants with beta-blocker medication:

HRmax = 0.70 *   [ 208  −  (0.7  *  age) ]

The peak torque (PT) of the knee extensors (PText) and flexors (PTflex) was determined by 
isokinetic dynamometry using the Biodex Dynamometer (Biodex, New York, USA). To 
minimise body movements, an adjustable seatbelt was applied across the chest, hip and 
thigh. The lateral femoral epicondyle was aligned with the rotational axis of the dyna-
mometer. The test protocol involved 5 maximal knee extension and flexion contractions 
at 60°/s.17 Muscle strength was recorded in torque (Nm) and corrected for body mass 
(Nm∙kg-1). PT was considered the maximum torque generated throughout one series of 
repetitions. Since there was no difference in PT between the left and right lower limb, we 
used the average PT of both limbs.

Physical activity and sedentary behavior
Physical activity (PA) and sedentary behavior (SB) were evaluated using an acceler-
ometer-based activity monitor (VitaMove, Veldhoven, The Netherlands; Figure 1). This 
monitor consists of three recorders which are wirelessly connected and synchronized 
every 10 seconds. Each recorder has its’ own accelerometer (Freescale MMA7260Q, 
Denver, USA).18 The VitaMove has demonstrated validity for quantifying body postures 
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and movements in healthy subjects and different patient populations.18, 19 Participants 
wore the VitaMove on weekdays, except during swimming, bathing and sleeping. The 
intended duration of measurement was three consecutive days with a minimum of one 
day.20, 21 Participants were instructed to continue their ordinary daily activities. To avoid 
measurement bias, principles of measurement were explained afterwards. Participants 
kept activity diaries to report reasons of non-wear periods. Kinematic analysis were 
performed using VitaScore Software (VitaScore BV, Gemert, The Netherlands).18 The 
following outcome measures were determined as the mean of available measurement 
days: duration of PA as percentage of 24-hrs (including walking, cycling, running, and 
non-cyclic movements), and duration of SB as a percentage of waking hours (including 
lying and sitting activities).

Characteristics
The following disease-related characteristics were collected at hospital intake: severity of 
a-SAH as determined by the Glasgow Coma Scale (GCS)-score,22 location aneurysm (an-
terior vs. posterior circulation), treatment procedure (surgical clipping vs. endovascular 
coiling), presence of complications (re-bleed, delayed cerebral ischemia, hyponatremia, 
and hydrocephalus) and pituitary dysfunction.

Figure 1. Placement of the VitaMove activity monitor.
Abbreviations: TR, trunk sensor; RL, right leg sensor; LL, left leg sensor; Lon=longitudinal axis; Sag=sagittal 
axis; Tra=transversal axis
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Statistical analyses

All data are expressed as mean (SD) unless otherwise indicated. Differences between 
participants and nonparticipants were verified with independent t-tests for interval 
variables and χ2-tests for categorical variables. Parametric tests were applied because 
Shapiro-Wilk-tests showed that the data for fatigue was normally distributed. McNemar-
test of symmetry was selected to analyze the difference in individual classification of 
fatigue (no fatigue, fatigue, severe fatigue) between six and twelve months.

Linear mixed models were used to study changes in the estimated mean FSS-score, 
V ̇O2peak  , PText, PTflex, PA and SB over follow-up time. Time (follow-up visit) was entered as 
predictor of the dependent outcome. Linear mixed models are flexible in handling miss-
ing values because it takes into account the covariance between measurements within 
patients. Time-dependent relationships between the severity of fatigue (FSS-score) and 
one of the following factors were analyzed: V ̇O2peak  , PText, PTflex, PA and SB. The following 
fixed factors were entered to investigate whether disease-related characteristics can 
predict fatigue: GCS-score, location aneurysm, treatment, complications and pituitary 
dysfunction. Separate models were created for each covariate.

All models were adjusted for sex and age to correct for possible confounding effects. 
Statistically, sex and age were not always significant confounders, but were kept in each 
model because they are considered confounding in the analyses of fatigue, physical fit-
ness, PA and SB.23 Considering the sample size (n=52), we allowed a maximum of three 
factors in each model to maintain sufficient statistical power. We reported the estimated 
β-coefficients, 95% confidence intervals and p-values. The significance level was set at 
p<0.05 (SPSS Inc, Chicago, IL). Bonferroni correction was applied to adjust for type I error 
for multiple comparisons.

reSULtS

Study population

A total of 241 patients were admitted to the Intensive Care Unit with a diagnosis of 
a-SAH. Of the 84 eligible patients, 52 participated in HIPS-Rehab (Table 1). There were 
no significant differences between participants (n=52) and non-participants (n=32) with 
respect to: sex (p=0.291), age (p=0.996), GCS-score (p=0.136), treatment (p=0.489) and 
location of the aneurysm (p=0.469).

Figure 2 presents a detailed flow diagram of measurements included in the final analy-
ses. Not all measurements could be included from all patients. CPET data of 43 patients 
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were included (83% of the sample). In total, six patients could not perform CPET because 
of contraindications (n=3), for logistical reasons (n=2) and one patient had a back injury 
(n=1). Further, three measurements were excluded because of not meeting the criteria 
of maximal physical exertion. Isokinetic dynamometry data of 48 patients were included 
(92%); three patients could not perform maximal isokinetic dynamometry because of 
medical reasons and one because of logistical reason. Activity-monitoring data of 44 
participants were included (85%); measurements in four patients were lost due to tech-
nical failure, three because of logistical reasons and one patient refused measurement.

Longitudinal evaluation

Table 2 presents detailed information about the change in the estimated mean FSS-
score, V ̇O2peak, PText, PTflex, PA and SB over follow-up time. The estimated mean FSS-score 
did not change, and also the proportion of patients that reported fatigue remained 
stable with 48% at six months and 52% at twelve months (p=0.678). The estimated mean 
V ̇O2peak   significantly increased over time (+6.2%; p=0.027), there was a nonsignificant 
trend for an increase in PText (+5.1%; p=0.061), whereas the PTfex did not change (+4.9%, 
p=0.281). The estimated mean physical activity time remained stable, and was 7.06% 
(SE 0.48) at six months and 6.64% (SE 0.55) at twelve months (p=0.341), representing 
102 and 96 min per 24h, respectively. The estimated mean sedentary time did also not 
change, and was 63.55% (SE 2.65) at six months and 62.88% (SE 2.55) at twelve months, 
representing 8.38h and 8.45h, respectively.

table 1. Patient characteristics.

Characteristics Patients with a-SAH
(n=52)

Age (years), mean (SD) 56.1 (13.5)

Sex (men), n (%) 16 (31)

GCS-score, mean (SD) 13.5 (2.1)

Location aneurysm, n(%)
- Anterior
- Posterior

31 (60)
21 (40)

Treatment procedure, n(%)
- Endovascular coiling
- Surgical clipping

47 (79)
11 (21)

Secondary complications, n(%)

- Re-bleed 0 (-)

- Delayed cerebral ischemia 7 (13)

- Hyponatremia 6 (12)

- Hydrocephalus 13 (25)

Pituitary dysfunction, yes (n%) 24 (46)

Abbreviations: GCS-score, Glasgow Coma Scale-score
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Table 3 presents the individual classifications of fatigue over follow-up time. The propor-
tion of patients reporting ‘severe fatigue’ (FSS-score≥5.1), ‘fatigue’ (4.0≥FSS-score<5.1), 
and ‘no fatigue’ (FSS-score<4.0) was at six months 23.8%, 28.6%, and 47.6%, respectively. 
At twelve months, levels were reported as 26.2%, 26.2%, and 47.6%, respectively. Indi-
vidual classifications of fatigue did not change over time (p=0.837).

Enrolled in HIPS
(n=84)

Enrolled in HIPS-Rehab
(n=52)

Died on ICU (n=48)

Patients discharged from ICU
(n=193)

Not included in HIPS (n=109)

- met exclusion criteria n=51
- Refusal HIPS n=38
- Discharged prior to inclusion n=20

Patients with a-SAH 
admitted to the ICU

(n=241)

Not included in HIPS-Rehab (n=32)

- Refusal HIPS-Rehab n=27
- Deceased n=2
- Unknown reasons           n=3

Assessment t2       
(n=42)

Lost to follow-up (n=10)

- Medical reasons n=6
- Refusal                       n=2
- Unknown reasons           n=2Assessment t1       

(n=52)

Assessment at t1 only

- FSS      n=10
- Cardiorespiratory     n=9
- Muscle strength          n=12
- Activity Monitoring     n=13

Assessment at t1 and t2

- FSS      n=42   
- Cardiorespiratory     n=27
- Muscle strength     n=31
- Activity Monitoring     n=21

Assessment at t2 only

- FSS       n=0
- Cardiorespiratory     n=7
- Muscle strength     n=5
- Activity Monitoring     n=10

Included in final analyses

- FSS      n=52   
- Cardiorespiratory     n=43
- Muscle strength     n=48
- Activity Monitoring     n=44

Analyses

Figure 2. Flow diagram.
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table 3. Distribution of fatigue at follow-up (n=42) by level of fatigue at six months.

Fatigue n %

Severe fatigue at six months (FSS-score ≥5.1) 10 23.8%

- Severe fatigue at twelve months 6 60.0%

- Fatigue at twelve months 3 30.0%

- No fatigue at twelve months 1 10.0%

Fatigue at six months (4.0 ≥FSS-score <5.1) 12 28.6%

- Severe fatigue at twelve months 2 16.7%

- Fatigue at twelve months 6 50.0%

- No fatigue at twelve months 4 33.3%

No fatigue at six months (FSS <4.0) 20 47.6%

- Severe fatigue at twelve months 3 15.0%

- Fatigue at twelve months 2 10.0%

- No fatigue at twelve months 15 75.0%

Abbreviations: FSS, Fatigue Severity Scale.

Determinants of fatigue

Table 4 presents detailed information about the mixed models that estimated the 
severity of fatigue. The PText and PTfex were both related to fatigue (p<0.001). Further-
more, there was a nonsignificant trend for a relationship between V ̇O2peak   and fatigue 
(p=0.079). These findings indicate that patients with lower physical fitness were more 

table 2. Estimated Mean (SE) values of fatigue, physical fitness, physical activity and sedentary behavior, 
with significance level of change over time.

6 months
(t1)

12 months
(t2)

Δ t1-t2# 95% CI for Δ p-value

Fatigue

FSS-score 3.60 (0.24) 3.63 (0.25) +0.026 -0.36 to 0.31 0.876

cardiorespiratory fitness

V̇O2peak (mL·kg-1·min-1) 22.79 (0.94) 24.20 (0.91) +1.417 0.170 to 2.664 0.027

Knee muscle strength

PText (Nm·kg-1) 1.38 (0.06) 1.45 (0.06) +0.071 -0.004 to 0.146 0.061‡

PTflex (Nm·kg-1) 0.61 (0.04) 0.64 (0.04) +0.026 -0.022 to 0.073 0.281

Activities

PA (%24h) 7.06% (0.48) 6.64% (0.55) -0.412 -0.461 to 1.284 0.341

SB (%waking) 63.55% (2.65) 62.88% (2.55) -0.674 -3.342 to 4.691 0.732

Abbreviations: CI, confidence interval; FSS-score, Fatigue Severity Scale-score; VO2peak, peak oxygen uptake; 
PText, Peak torque extension; PTflex  Peak torque flexion; PA, Physical activity; SB, Sedentary behavior. Note: All 
models were adjusted for sex and age. ‡Nonsignificant trend for a difference (p<0.10).
#Estimated mean difference (t1 -t2);
‡Nonsignificant trend for a difference (p<0.10).
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severely fatigued. There were no relationships between fatigue and PA or SB. Further, 
fatigue could not be predicted by disease-related characteristics.

The estimated β-coefficients from the models are presented in Table 4 and reflect the 
change in FSS-score that is associated with a one-unit change in the independent pre-
dictor. For example, a 20% higher knee flexion strength (=0.122 Nm·kg-1), is associated 
with a 0.4 points lower FSS-score (=11% of the mean FSS-score).

DiScUSSion

This is the first study to longitudinally evaluate whether physical deconditioning plays 
a role in fatigue after a-SAH. In this follow-up, we have evaluated objective measures 

table 4. Determinants of fatigue; linear mixed models with fatigue as dependent variable and physical 
fitness, physical activity, sedentary behavior and disease-related characteristics as independent variables.

Linear mixed models FSS-score

F β† 95% CI for β p-value

Time, n=52 0.025 + 0.026 -0.358 to 0.306 0.876

Aerobic capacity

VO2peak (mL∙kg-1∙min-1) 3.201 - 0.070 -0.149 to 0.009 0.079‡

Knee muscle strength

Peak torque extension (Nm·kg-1) 15.954 - 1.918 -2.878 to -0.960 <0.001*

Peak torque flexion (Nm·kg-1) 17.481 - 3.089 -4.562 to -1.615 <0.001*

Activities

Physical activity 0.004 - 0.004 -0.144 to 0.135 0.952

Sedentary behavior 0.888 - 0.019 -0.060 to 0.022 0.350

characteristics

GCS-score 1.573 + 0.125 -0.326 to 0.075 0.216

Location aneurysm 0.219 - 0.199 -1.056 to 0.658 0.642

Treatment procedure 0.111 - 0.177 -1.244 to 0.890 0.740

Complications 2.289 -0.623 -1.454 to 0.206 0.137

Pituitary dysfunction 1.966 -0.577 -1.405 to 0.251 0.168

Note: Each determinant was included in a separate linear mixed model with adjustment for sex (0=female, 
1=male) and age. Time (0=6 months, 1=12 months); GCS-score (range: 1-15); Location aneurysm (0=an-
terior, 1=posterior); Treatment procedure (0=clipping, 1=coiling); Complications (0=no, 1=yes); Pituitary 
dysfunction (0=no, 1=yes).
Abbreviations: CI, confidence interval; FSS-score, Fatigue Severity Scale-score; VO2peak, peak oxygen uptake; 
GCS-score, Glasgow Coma Scale- score.
†Estimated β-coefficients;
*Significant predictor of fatigue after Bonferroni correction: p=0.05/10=0.005;
‡Nonsignificant trend for a relationship.
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of physical fitness, PA and SB without bias from the subjective character of question-
naires.24, 25 Our findings revealed longitudinal relationships between physical fitness and 
fatigue, in that patients with lower knee muscle strength were more severely fatigued. 
Further, we found a nonsignificant trend for a relationship between the cardiorespiratory 
fitness and fatigue. Fatigue persisted over the first year and was reported by approxi-
mately half of the patients which is more than twice as high compared to the general 
population (18%).10, 11 As an extension to our cross-sectional findings, this study showed 
a more permanent character of fatigue and longitudinal relationships with physical fit-
ness. Since fatigue complaints do not diminish over time, interventions are warranted. 
Future interventions should preferably incorporate exercise training to improve physical 
fitness which may provide a physical reserve to fatigue.

Patients with lower physical fitness were more severely fatigued. Although the cardio-
respiratory fitness (+6.2%) and knee extensor strength (+5.2%) slightly improved over 
follow-up time, the severity of fatigue remained unchanged. Studies in stroke, showed 
that interventions can improve physical fitness up to 20%.26 In our study a 20% higher 
level of physical fitness is associated with a 11% lower FSS-score. However, future inter-
vention studies are warranted to investigate whether improvements in fitness would 
lead to reductions in fatigue. Although we do not assume that exercise training is the 
‘golden bullet’ targeting fatigue, we rather suppose that it is an important contributor 
to a multimodal treatment. Moreover, exercise training is a well-known contributor to 
improved health status,27 and may therefore, serve multiple goals in patients with a-SAH.

Relationships between fatigue and physical fitness have frequently been explained in 
the context of inactive and sedentary lifestyles.5 Although patients have low levels of PA 
(102 min at six months and 96 min at twelve months) and high levels of SB (8.38h at six 
months and 8.45h at twelve months),24, 28, 29 PA and SB were not related to fatigue. This 
indicates that the severity of fatigue did not interact with the volume of physical activi-
ties or sedentary time. It might be argued that other types of PA such as the amount of 
moderate to vigorous PA, are more indicative of fatigue as these types are physically 
more demanding. Further, the absence of such a relationship may also be explained 
by a compensation strategy in which patients lower their physical activities of increase 
sedentary time to conserve energy and prevent fatigue.

Interventions targeting fatigue have not been studied in patients with a-SAH. Studies 
in other patient populations have shown that self-management programs,30 cognitive 
therapy and exercise training can reduce fatigue.31, 32 Further, in patients with stroke, the 
combination of cognitive therapy and graded exercise training was found to be more 
effective in the treatment of fatigue than stand-alone cognitive therapy.33 This training 
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included walking on a treadmill, strengthening exercise, and homework assignments 
(2h sessions, twice a week).33 If exercise training reduces fatigue after a-SAH, there are 
several putative mechanisms; exercise improves physical fitness and provides a physical 
reserve to fatigue; or exercise may support self-esteem, self-efficacy and social interac-
tions, which may contribute to improved psychosocial well-being which in turn, may 
alleviate fatigue complaints.32

Previous studies in a-SAH suggested that disease-related characteristics, such as cerebral 
ischemia or hydrocephalus, can trigger fatigue because they can easily disrupt fronto-
subcortical neuro-circuits which could lead to impairments in attention and arousal.4 
Further, pituitary dysfunction, with low basal cortisol levels and growth hormone 
deficiency, is another characteristic which can also trigger fatigue.2, 34 However, we did 
not find evidence for a relationship between disease-related characteristics and fatigue 
which makes it difficult to identify sub-groups and direct future interventions.

Study limitations

Some possible limitations should be discussed. First, a large proportion of women par-
ticipated (69%). Therefore, we might have overestimated the prevalence of fatigue. For 
example, a study on fatigue in a-SAH that recruited predominantly women (82% of the 
sample),9 showed a higher frequency of fatigue than a study that included roughly equal 
number of men and women.35 The large proportion of women in this sample can be 
explained by the fact that women have a higher risk of a-SAH than men; the incidence 
of a-SAH in the Netherlands for women is 11.2 per 100,000 persons per year whereas 
for men this is 7.6 per 100,000 persons per year.36 Further, not all measurements were 
available from all patients. However, mixed model analyses allowed us to include pa-
tients in the analyses for who some of the data is missing. This statistical approach takes 
into account the covariance between measurements within patients, and allowed us to 
make full use of the data. Third, the sample size (n=52) allowed us to include a maximum 
of three factors in each model. Therefore, we were not able to study interaction terms. 
Finally, we have to take in consideration that our study does not include data about 
pre-existing fatigue, prior to a-SAH.

concLUSionS

In summary, half of the patients had fatigue complaints in the first year after a-SAH. 
Patients with lower knee muscle strength were more severely fatigued, while there was 
a trend for a relationship between the cardiorespiratory fitness and fatigue. We did not 
find evidence for a relationship between fatigue and PA or SB. Further, fatigue could 
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not be predicted by disease-related characteristics. According to our findings, higher 
physical fitness may provide a physical reserve to fatigue in patients with a-SAH. Future 
intervention studies are warranted to investigate the beneficial effects of exercise train-
ing in patients with a-SAH.
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The health benefits of physical fitness and physical active lifestyles are numerous. Higher 
levels of fitness and activity have been associated with lower all-cause mortality, and the 
prevention of chronic diseases such as hypertension, diabetes, cancer and obesity.1-5 In 
contrast, sedentary behavior negatively impacts cardiovascular health, independent of 
the amount of physical activity.6-8 Patients with aneurysmal subarachnoid hemorrhage 
(a-SAH) may be at risk of low fitness, and inactive and sedentary lifestyles because fa-
tigue plays an overwhelming role in daily life of most patients.9 Physically inactive and 
sedentary lifestyles can lead to physical deconditioning (i.e. a vicious circle of fatigue, 
inactivity and low fitness). Studies on physical fitness, physical activity, and sedentary 
behavior are lacking in a-SAH. This may be due to the fact that it is assumed that most 
a-SAH survivors have a favorable outcome, and therefore they have frequently been 
excluded from stroke rehabilitation research. Insights in the levels of physical fitness, 
physical activity, and sedentary behavior may contribute in understanding the conse-
quences of a-SAH and in improving rehabilitation programs.

The primary aim of this thesis is to evaluate physical fitness, physical activity and sedentary 
behavior in the first year after a-SAH. Fitness parameters and activity profiles at six months 
are compared to that of sex- and age-matched controls. Further, changes in fitness, activ-
ity, and sedentary behavior are evaluated between six and twelve months. Secondary, we 
have studied whether physical fitness, physical activity and sedentary behavior relate to 
the severity of fatigue. Further, we wanted to evaluate whether we could predict subgroups 
at risk of poor outcomes, which may help to direct future interventions. Since fatigue plays 
an overwhelming role in daily life of most patients, we have hypothesized that patients 
with a-SAH have impaired physical fitness, and predisposed to physically inactive and 
sedentary lifestyles. This chapter concerns our main findings and interpretation within 
the context of the published literature. Finally, this chapter addresses methodological 
considerations, recommendations for future research and clinical implications.

mAin FinDinGS

A major finding of this thesis is that patients have considerably impaired physical fitness. 
The cardiorespiratory fitness and knee muscle strength were 22% to 40% lower com-
pared to that of sex- and age-matched controls. Longitudinal evaluations showed only 
small improvements in fitness over follow-up time (significant increments were found 
up to 6.2%). However, all fitness parameters at twelve months remained lower than 
reference values.10 In more than one-third of the patients, levels of cardiorespiratory 
fitness were ‘very low’ (according to the classification of the Cooper Institute),10 which 
is associated with an increase in all-cause mortality.11 Another major finding is that 
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patients with a-SAH have inactive and sedentary lifestyles. Patients were 25% less physi-
cally active compared to controls, and participated particularly less in cycling activities. 
Further, patients spent 8.5 hours sedentary during waking hours. Such high levels of 
sedentary time have been associated with a 7.5% increase in all-cause mortality.12 
Further, patients break their activity time into shorter periods, whereas uninterrupted 
periods of sedentary time last longer compared to controls, which is not favorable from 
a health perspective.13

In our sample, fatigue is reported by approximately half of the patients, and its severity 
did not diminish over follow-up time. Our findings reveal significant relationships be-
tween fitness and fatigue, and indicated that patients with lower knee muscle strength 
are more severely fatigued. We did not find evidence for a relationship between activity 
or sedentary behavior and fatigue. To direct future interventions, we have analyzed 
whether we could identify patients with high fatigue or poor physical fitness. In our 
sample, we found no significant relationships between patient characteristics and fa-
tigue, but patients who had been treated with neurosurgical clipping have significantly 
lower physical fitness than those who underwent endovascular coiling.

This is the first study that applied maximal progressive exercise testing in patients with 
a-SAH. Since no adverse events occurred, it seems that progressive exercise testing can 
be safely applied in patients with a-SAH after pre-test medical screening for absolute 
contra-indication to physical exercise.14, 15 However, progressive cardiopulmonary exer-
cise testing with gas-exchange analyses has limited availability in most rehabilitation 
facilities. Therefore, we have evaluated whether we could predict the cardiorespiratory 
fitness (peak oxygen uptake; V ̇O2peak) of patients with a-SAH by performing a submaximal 
six-minute walk test (6MWT). Our findings revealed that the 6MWT can be selected to 
estimate the mean V ̇O2peak at an aggregated group level, but that the relatively large pre-
diction error does not allow for an accurate prediction of V ̇O2peak in individual patients.

interPretAtion AnD conteXt in tHe LiterAtUre

Low fitness has been reported across different patient populations.2 Within the scope 
of stroke, the observed fitness deficits in a-SAH are comparable to that of patients with 
transient ischemic attack (TIA) and patients with minor strokes. In these patients, fit-
ness parameters were found to be 21% to 35% lower than in controls.16, 17 In patients 
with more severe ischemic or hemorrhagic stroke types, fitness levels seem to be more 
impaired compared to patients with a-SAH, as fitness parameters in these patients were 
found to be up to 75% lower than in controls.18 This difference may be explained by the 
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fact that patients with a-SAH seem to have a better functional outcome than patients 
with stroke. To illustrate, residual impairments such as hemiparesis or spasticity are com-
mon in ischemic or hemorrhagic stroke,19 whereas these impairments are not observed 
in our sample. Therefore, from a functional perspective, patients with a-SAH are more 
likely to maintain active lifestyles, and preserve physical fitness compared to patients 
with stroke.20 The fact that patients with a-SAH have low fitness deserves attention in 
clinical practice, especially because it is initially assumed that most survivors have a 
favorable outcome. When physical fitness becomes low, physical activities may either 
become limited or impossible to perform.21

In this thesis, we found that patients with a-SAH have lower physical activity levels com-
pared to controls, which has been observed across different groups, including patients 
with stroke.2 Patients with a-SAH spend 7.3% per 24h in physical activities, which is 25% 
less compared to controls, placing them at risk of poor health outcomes.1 Patients with 
a-SAH seem to be less compromised in the performance of physical activities than pa-
tients with other types of stroke, where activity levels have been found to be 40% lower 
than in controls.22 Longitudinal analyses showed that the amount of physical activity 
did not change over follow-up time. As discussed above, impairments such as hemipa-
resis or spasticity did not occur, so motor problems cannot explain low activity levels. 
Although we have hypothesized that fatigue may be related to inactive lifestyles, such 
relationship was not observed in our study. From studies in patients with chronic condi-
tions we know that other factors play an important role in physical activity as well. For 
example, a lack of awareness of the beneficial health effects of active lifestyles, limited 
resources to promote physical activities, and a lack of structured support are associated 
with low physical activity levels.2, 23 Furthermore, in a-SAH there may be other, more 
specific barriers for undertaking physical activity, as will be discussed below.

Previous literature in a-SAH shows that attentional deficits, passive coping styles, 
and anxiety limit the resumption of premorbid activities such as working and leisure 
activities.24-27 It could be argued that these complaints also interact with the ability to 
undertake daily activities or exercise. For example, our findings reveal that patients 
participate particularly less in cycling activities, and because cycling requires increased 
levels of attention due to multitasking and traffic participation, attentional deficits 
in a-SAH may lead to the avoidance of cycling. Further, feelings of anxiety may arise 
from the life-threatening experience of the ruptured aneurysm (in both patients and 
relatives), and may limit confidence to undertake physical activities after coiling or clip-
ping the aneurysm. Finally, low fitness causes elevated energy costs of movements. For 
example, the oxygen cost of walking in deconditioned patients is two times higher than 
in controls.28 This phenomenon might explain why patients break their activity time into 
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shorter periods compared to controls. Shorter periods of activity may be indicative of a 
higher number of resting moments which may arise from increased fatigability.

Next to physical activity we have examined sedentary behavior. Patients were 8.5 hours 
sedentary during waking hours, which is associated with an increase of 7.5% in all-cause 
mortality.10 Further, uninterrupted periods of sedentary behavior in patients lasted 
longer than in controls. Prolonged uninterrupted periods of sedentary time have been 
negatively associated with cardiovascular health.5,7 Therefore, optimizing sedentary 
behavior, by reducing its’ total volume and breaking uninterrupted periods, may present 
another challenge in a-SAH rehabilitation.

Fatigue is the most frequently reported complaint in a-SAH.9 In our sample, half of the 
patients has fatigue complaints, which is more than twice as high compared to the gen-
eral population (18%).29 Further, fatigue complaints do not diminish over time. Our find-
ings are in line with previous literature, showing high frequencies of persistent fatigue 
problems in a-SAH (31% to 91% up to seven years post onset).9 Studies reported that 
different frequencies of fatigue at different time points may be explained by different 
mechanisms. For example, early fatigue (<1y after a-SAH) is thought to be related to the 
neuroendocrine or inflammatory changes (i.e. effect of blood on the cerebral cortex), 
whereas late fatigue complaints (≥1y after a-SAH) may be related with factors such 
as anxiety, depression, post-traumatic stress, memory problems, personality changes, 
sleep disturbances, cognitive and physical impairment.9

Durstine et al. hypothesized that fatigue, fitness, and activity interact, leading to a 
vicious circle of physical deconditioning.2 In line with this, our findings showed that pa-
tients with lower knee muscle strength were more severely fatigued. Further, we found 
a non-significant trend for a relationship between the cardiorespiratory fitness and the 
severity of fatigue. Relationships between fitness and fatigue have been reported across 
different patient populations, including stroke.2, 30 However, we did not find a relation-
ship between activity or sedentary time and fatigue. This may be explained by the fact 
that patients may lower their physical activity, or increase their sedentary behavior, to 
conserve energy and prevent fatigue.

To direct future interventions in a-SAH, we have evaluated whether we could identify 
patients at risk of high fatigue or poor fitness. In our sample, we were not able to identify 
subgroups at risk of fatigue, but patients who had been treated with surgical clipping 
seem to have lower physical fitness than those who underwent endovascular coiling 
(fitness parameters were 22% to 29% lower in surgical clipping compared to endovas-
cular coiling). This may be explained by the fact that the absolute risk of dependency 
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in the first year is higher in patients treated with surgical clipping and therefore, these 
patients may be less likely to preserve their fitness levels.31 Our findings are in line with 
a meta-analysis showing that endovascular coiling yields a better clinical outcome than 
surgical clipping.32

This is the first study that applied progressive cardiopulmonary exercise testing (CPET) 
and maximal isokinetic dynamometry in patients with a-SAH. Therefore, we have 
implemented a supplementary safety protocol which matches the recommendations 
for conducting exercise testing in stroke,14 and the guidelines of the American College of 
Sports Medicine.15 No adverse events were observed during exercise testing in patients 
who were pre-screened for medical contraindications. However, progressive CPET with 
gas exchange analyses requires specialized knowledge and infrastructure, with limited 
availability in most rehabilitation facilities. Therefore, there seems to be a need for safe 
and valid submaximal alternatives to CPET. In searching for alternatives, we have evalu-
ated whether we could predict V ̇O2peak by performing a submaximal six minute walk 
test (6MWT). We found that the six minute walk distance (6MWD) is strongly related 
to V ̇O2peak , indicating that the 6MWT can be selected to predict mean V ̇O2peak at an ag-
gregated group level. This is relevant for the evaluation of therapy programs and for 
research purposes. However, linear regression analyses show a large prediction error, 
representing 16% of mean V ̇O2peak . Due to this large error, the 6MWT seems to be of 
limited value predicting V ̇O2peak  in individual patients. This finding is in line with studies 
in persons with cardiopulmonary disease and heart failure.33-35

metHoDoLoGicAL conSiDerAtionS

This study is the first to evaluate physical fitness, physical activity and sedentary behav-
ior in patients with a-SAH. Therefore, a major strength of this study is that it provides 
new insights in the consequences of a-SAH and offers important information for future 
research and treatment. Another strength is that we have evaluated objectively ob-
tained measures of fitness, physical activity and sedentary behavior without bias from 
the subjective character of questionnaires. Subjective questionnaires have been found 
to overestimate fitness and activity levels, possibly due to social desirability bias.22, 36 
Furthermore, we have included sex- and age-matched controls, which has strengthened 
our study design. Patients and controls performed identical measurements, which en-
abled detailed interpretations of fitness parameters and activity profiles.

A critical note concerns the external validity of the study sample. Validity issues may 
arise when patients (or controls) are not representative of the underlying target popula-
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tion. Explicit in- and exclusion criteria were defined to ensure a homogenous patient 
population. All patients were recruited from the Neurology department of a university 
hospital (Erasmus MC, Rotterdam, the Netherlands) between June 2009 and June 2012. 
We have identified 193 patients with a diagnosis of a-SAH and recognized a target 
population of 122 patients of whom 52 consented to participate (43%). Since baseline 
characteristics seem to be in line with previous literature on a-SAH, with respect to sex 
(69% women), age (mean age 56y ± 13.5 y), severity of a-SAH (18% poor grade a-SAH) 
and treatment procedure (79% endovascular coiling),37-39 our sample seems representa-
tive of the underlying target population. Selection bias may, however, have occurred 
towards patients who are more interested in sports and exercise. As these patients are 
more likely to take part in physical activities, we may have overestimated fitness and 
activity levels of patients with a-SAH.

In an attempt to ensure comparability between patients and controls, patients were 
individually matched with a control subject based on sex and age (± 5 years).40 One 
could argue that adding additional matching criteria, such as level of education or social 
economic status, would have increased comparability between groups. However, for 
logistic reasons it was not feasible to match for multiple criteria. Another note concerns 
the generalizability of our control group. Because there are no appropriate reference 
values for fitness, activity and sedentary behavior for the Dutch population, it remains 
uncertain whether the control group is a representative of the underlying source popu-
lation. However, the observed fitness levels in controls seem to be comparable to that 
of sex- and age-related reference values (non-Dutch),12, 41 and physical activity profiles 
seem to be even somewhat lower, than results as measured with the same activity moni-
tor, in other healthy comparison groups (9.7% vs. 10% to 12% per 24h).22, 42, 43

Although a sample size of 52 is relatively large considering the incidence of a-SAH (from 
4 to 10 per 100.000 persons per year),44 the absolute number is quite small. Statistical 
power seems to be sufficient for the comparison between patients and controls (primary 
aim), but the sample size limits our longitudinal prediction analyses, as we were not able 
to analyze interaction terms due to a limited number factors allowed in the final model 
(secondary aim). Furthermore, 81% of the study sample completed both follow-up mea-
surements (n=42). However, data of most patients could be analyzed by estimating the 
mean outcome using linear mixed model analyses. This modern statistical method takes 
into account the covariance between measurements within patients.45

In this observational study we have explored relationships between fatigue, fitness, 
activity, and sedentary behavior. In general, a major disadvantage of an observational 
design is that one should be careful when interpreting associations, as they do not 
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confirm causality.46 For example, in this study we have made prediction models, and 
evaluated whether fitness was an independent predictor of fatigue. Such analysis may 
provide important clinical information about co-existence of problems; however, we do 
not know whether improvements in one variable would lead to reductions in the other. 
This needs to be confirmed in future intervention studies.

Some reflections are warranted regarding the VitaMove activity monitoring. The 
intended duration of measurement was three consecutive weekdays. Unfortunately, 
this was not uniformly achieved by all participants due to technological failures or user 
errors. It remains questionable whether short measurement periods are representative 
of general physical activity. Nevertheless, it has been reported that a 24-hour VitaMove 
measurement is adequate, to reliably determine activities and postures in daily living.47 
A major strength of the VitaMove activity monitor is that we could distinguish different 
types of activities (and sedentary behaviors) during the day, which provides detailed 
clinical information to help optimize and direct future rehabilitation programs.

recommenDAtionS For FUtUre reSeArcH

Improving levels of fitness, promoting physically active lifestyles and reducing seden-
tary behavior contribute to a healthy lifestyle in the general population,1, 8 and may 
be even more important in a-SAH because these patients are highly fatigued, have 
considerably impaired physical fitness and are at risk of inactive and sedentary lifestyles. 
Findings from this thesis indicate that interventions are warranted and should involve 
both cardiorespiratory and strengthening exercise components. To evaluate changes in 
cardiorespiratory fitness in groups of patients with a-SAH, one may consider selecting 
the 6MWT as a clinical applicable alternative to progressive CPET.

Future studies should evaluate treatment paradigms to improve levels fitness in a-SAH, 
and study whether improved fitness levels reduces the severity of fatigue complaints. 
However, another important step is to evaluate whether there is an actual need for 
exercise training from a patients’ perspective. In this patient group, psychological and 
cognitive problems, such as depressive symptoms, anxiety, mood disturbances and pas-
sive coping styles,24, 48 are common and may interact with the compliance in exercise 
training.

Higher levels of daily physical activity (or exercise) improve levels of physical fitness.2 
Since patients with a-SAH have inactive lifestyles, that were associated with low fitness, 
active lifestyle interventions may be considered. However, previous studies showed that 
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it remains rather a challenge to elicit lasting lifestyle changes.49 Therefore, an important 
step is to identify barriers and facilitators of physical activity in a-SAH. Next to inactive 
lifestyles, patients were highly sedentary with prolonged uninterrupted periods of 
sedentary behavior. Therefore, lifestyle interventions should not only focus on increas-
ing physical activity, but should also focus on sedentary behavior which may provide 
additional health benefits in patients with a-SAH.

Since fatigue is a multifactorial construct, involving both psychological and biological 
factors,9 we do not assume that exercise training is the ‘golden bullet’ treating fatigue. 
We rather suggest that higher fitness could provide a physical reserve to fatigue and 
therefore we think that exercise training is a potential contributor to a multimodal ap-
proach. Interventions targeting fatigue have not been studied in a-SAH. In patients with 
stroke, the combination of cognitive therapy and graded exercise training was found 
to be more effective in the treatment of persistent fatigue than standalone cognitive 
therapy.50 This rehabilitation program included treadmill walking, strengthening exer-
cise, and homework assignments (2h sessions, twice a week). Future interventions are 
warranted to investigate whether such rehabilitation programs can alleviate fatigue in 
patients with a-SAH as well.

cLinicAL imPLicAtionS

This is the first study on physical fitness, physical activity and sedentary behavior in 
patients with a-SAH and deserves attention in rehabilitation medicine. From a clinical 
perspective, health care professionals should be aware of the fact that patients with a-
SAH may have poor fitness, inactive or sedentary lifestyles. According to the most recent 
Dutch guidelines for a-SAH,51 a follow-up visit should be offered to the patient, and a 
multidisciplinary team should screen for cognitive dysfunction and emotional problems. 
However, until now there are no recommendations for activity or exercise. In our study 
we have made a first step towards a better understanding of the consequences of a-SAH 
on physical fitness, physical activity, sedentary behavior and associations with fatigue. 
Interventions are warranted to investigate the need and effectiveness of active lifestyle 
interventions (or exercise training) to improve fitness and optimize physical activity and 
sedentary behavior in patients with a-SAH. Further, multimodal rehabilitation programs 
seem necessary to treat persistent fatigue after a-SAH. Although we assume that all 
patients would benefit from such program, professionals should particularly be aware 
of those who have been treated with neurosurgical clipping.
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The introductory chapter 1 describes the clinical signs and symptoms of a subarachnoid 
hemorrhage (SAH), provides historical background, explains different treatment proce-
dures, and gives a short background of the current knowledge of its consequences on 
daily life. Furthermore, this chapter explains the rationale of the present study. To better 
understand the long-term consequences of an aneurysmal subarachnoid hemorrhage 
(a-SAH), we have studied physical fitness, physical activity, sedentary behavior and 
fatigue in the first year after a-SAH. Insights in these measures may provide important 
clinical information, and could help to direct future interventions to improve the long-
term outcomes in patients with a-SAH.

In chapter 2 we describe the results of our study on physical activity (PA) and sedentary 
behavior (SB) in patients with a-SAH. PA and SB are objectively measured in free-living 
conditions by accelerometer based activity monitoring. Total activity and sedentary 
time are determined, and different types of activities distinguished. Intensity profiles 
are examined, and distribution metrics quantified. Activity profiles at six months are 
compared to that of sex- and age-matched controls. Patients are 25% less active, they 
tend to break activity time into shorter periods, and uninterrupted periods of sedentary 
time last longer compared to controls. Patients are highly sedentary and spend 8.5h in 
sedentary activities during the waking hours. Since PA and SB are both independent risk 
factors of poor cardiovascular health, future interventions should not only target PA, but 
should also focus on sedentary behavior.

The study described in chapter 3 evaluates the isokinetic knee muscle strength in 
patients with a-SAH. Previous studies show that impaired muscle strength, especially in 
the lower-extremity, impacts the performance of physical activities and can trigger the 
onset of fatigue complaints. This chapter describes maximal voluntary isokinetic muscle 
strength of the knee extensors and flexors at six months. Muscle strength parameters are 
compared to that of sex- and age-matched controls. The results reveal that patients have 
considerably lower knee muscle strength than controls (21% to 36% lower). Further, the 
knee muscle strength is related to the severity of fatigue. In non-fatigued patients, the 
knee muscle strength is 11% to 32% lower compared to controls, whereas this is 28% to 
47% in fatigued patients. Present findings are exploratory and indicate that interven-
tions are necessary. Future research should consider strengthening exercise training in 
order to prevent debilitation conditions.

chapter 4 describes the cardiorespiratory fitness in patients with a-SAH. The criterion 
standard for cardiorespiratory fitness is peak oxygen consumption (V ̇O2peak) established 
during a progressive cardiopulmonary exercise test (CPET). In this study, the cardiore-
spiratory responses to a progressive CPET are obtained using indirect calorimetry. The 
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V ̇O2peak at six months is compared to that of sex- and age-matched controls. The V ̇O2peak in 
persons with a-SAH is 31% lower compared to that in controls. Further, V ̇O2peak seems to 
be lower in fatigued (37% lower than in matched controls) than in non-fatigued patients 
(26% lower than in matched controls).

The VO2peak  obtained during CPET is the criterion standard for estimating the cardio-
respiratory fitness. However, CPET with gas-exchange analyses requires specialized 
infrastructure with limited availability in most rehabilitation facilities. Further, the 
performance of CPET in a-SAH may be limited because of disease-related complaints. In 
chapter 5 we describe a study in which we assessed whether we could predict V ̇O2peak by 
performing a submaximal six-minute walk test (6MWT). The results show that the 6MWT 
can be selected to predict mean V ̇O2peak in groups of patients with a-SAH, which may 
help to evaluate interventions in a clinical or research setting. However, the relatively 
large prediction error does not allow for an accurate prediction at an individual level.

Changes in fitness are evaluated over follow-up time, and relationships with activity, 
sedentary time and functional outcome explored. In addition, we assess whether fitness 
could be predicted by disease-related characteristics. The results of the study described 
in chapter 6 reveals that levels of physical fitness remained low over the first year. 
Although small improvements are recognized (significant increment were found up to 
6.2%), all fitness parameters remain significantly lower than reference values. Patients 
who are physically more active have higher levels of fitness, and patients with lower 
functional outcome (indicated by the Functional Independence Measure and Functional 
Assessment Measure) have lower knee muscle strength. Further, patients who had been 
treated with surgical clipping seem at risk of low fitness. These findings indicate that 
interventions are warranted and should involve both cardiorespiratory endurance and 
strengthening exercise components. Such program may also focus on the promotion of 
daily PA and should, in particular target patients with impaired functional outcome or 
those who had been treated with surgical clipping.

chapter 7 focusses on fatigue in a-SAH, and evaluates whether low fitness or inactive 
lifestyles play a role in the severity of fatigue complaints. In addition, we explore whether 
fatigue can be predicted by disease-related characteristics. Subjective measures of 
fatigue were evaluated at six and twelve months using the Fatigue-Severity-Scale (FSS). 
In our sample, fatigue was reported by approximately half of the patients, and its’ sever-
ity did not diminish over follow-up time. The results indicate significant relationships 
between fitness and fatigue, in that patients with lower knee muscle strength are more 
severely fatigued. There is no evidence for relationships between activity or sedentary 
behavior and fatigue. Further, the severity of fatigue cannot be predicted by disease-
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related characteristics. Interventions targeting fatigue seem necessary, and should 
consider incorporating exercise training as a potential contributor to improve fitness as 
this may provide a physical reserve to fatiguing conditions.

chapter 8 describes the main findings of this thesis and discusses the methodological 
considerations, both strengths and limitations. This chapter also addresses recommen-
dations for future research and clinical implications.
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Fysieke fitheid en lichamelijke activiteit hebben een gunstig effect op de gezondheid en 
kunnen een positief effect hebben op de lange-termijn uitkomsten van patiënten met 
chronische aandoeningen. Daarnaast zijn het belangrijke voorspellers voor mortaliteit 
en kunnen zij de kans op het krijgen van diabetes, obesitas en kanker verkleinen. Men-
sen die een subarachnoïdale hersenbloeding (SAB) hebben overleefd klagen vaak over 
vermoeidheid. Vermoeidheidsklachten kunnen leiden tot het vermijden van lichamelijke 
activiteiten, wat vervolgens weer kan leiden tot een lagere fysieke fitheid. Aangezien fy-
sieke fitheid en lichamelijke activiteit belangrijke voorspellers zijn voor de lange-termijn 
uitkomsten, is het van belang om hierover meer inzicht in te krijgen bij mensen met een 
SAB. Bevindingen uit dit onderzoek kunnen helpen om de gevolgen van een SAB beter 
te begrijpen en kunnen daarnaast bijdragen aan de ontwikkeling van revalidatiepro-
gramma’s. Het primaire doel van dit onderzoek is om de fysieke fitheid, fysieke activiteit 
en het sedentaire gedrag in het eerste jaar na een SAB in kaart te brengen. Daarnaast 
zijn er verbanden geëvalueerd tussen vermoeidheid, fysieke fitheid, fysieke activiteit en 
sedentair gedrag. Tevens is er onderzocht of vermoeidheidsklachten en een lage fysieke 
fitheid voorspeld kunnen worden aan de hand van patiënt karakteristieken.

Hoofdstuk 1 geeft achtergrondgegevens van een SAB en tevens een kort overzicht van 
de huidige kennis betreffende behandeling en de lange termijn gevolgen. Dit hoofdstuk 
beschrijft de relevantie van het meten van beweeggedrag en fysieke fitheid bij mensen 
met een SAB en sluit af met de doelstellingen en een korte uiteenzetting van de inhoud 
van het proefschrift.

Hoofdstuk 2 beschrijft de resultaten omtrent lichamelijke activiteit en sedentair gedrag 
bij mensen met een SAB. Lichamelijke activiteit is in het dagelijks leven objectief gemeten 
met behulp van het accelerometrie systeem: de VitaMove. Het totaal aan lichamelijke ac-
tiviteit en sedentair gedrag is gemeten en verschillende activiteiten zijn gedifferentieerd 
(zoals lopen, fietsen en staan). Het beweeggedrag op zes maanden na SAB is vergeleken 
met dat van gezonde controlepersonen die een vergelijkbare leeftijd en hetzelfde geslacht 
hebben. Mensen na een SAB zijn 25% minder actief dan controlepersonen. Verder lijken 
mensen met een SAB hun fysieke activiteiten op te delen in kortere perioden, en duren de 
aaneengesloten perioden van sedentair gedrag langer dan bij controlepersonen. Ook von-
den we dat mensen met een SAB 8.5 uur van de dag sedentair zijn. Aangezien lichamelijke 
inactiviteit en sedentair gedrag onafhankelijke risicofactoren zijn voor cardiovasculaire 
aandoeningen, zou een toekomstige interventie zich niet alleen moeten richten op het 
bevorderen van lichamelijke activiteit maar ook op het verminderen van sedentair gedrag.

Hoofdstuk 3 beschrijft het onderzoek waarin de maximale isokinetische spierkracht van 
de knie extensoren en flexoren is onderzocht met behulp van een dynamometer. Om-
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dat de maximale spierkracht een belangrijke rol speelt bij het uitvoeren van dagelijkse 
activiteiten en daarmee de ervaren vermoeidheid kan bepalen, zijn er relaties tussen de 
spierkracht en vermoeidheid onderzocht. De maximale spierkracht op zes maanden na 
SAB werd vergeleken met die van controlepersonen. Controlepersonen zijn individueel 
gematched op basis van geslacht en leeftijd (± 5 jaar). De spierkracht van mensen met 
een SAB was 21% tot 36% lager in vergelijking met controlepersonen. Verder vonden we 
significante relaties tussen de maximale spierkracht en de ernst van de vermoeidheids-
klachten. De spierkracht in de niet-vermoeide groep patiënten was 11% tot 32% lager 
dan in de controles, terwijl de spierkracht 28% tot 47% lager was in de groep vermoeide 
patiënten. Er werd geconcludeerd dat het wenselijk is om de spierkracht te vergroten. 
Daarnaast zijn er interventiestudies nodig om te onderzoeken of een toename in de 
spierkracht zorgt voor een afname in vermoeidheid.

De gouden standaard voor het bepalen van de fysieke fitheid is de maximale zuurstof-
opname (VO2piek) en zegt iets over de cardiorespiratoire fitheid. In hoofdstuk 4 wordt 
de VO2piek  van mensen met een SAB onderzocht. In dit hoofdstuk worden de resultaten 
van de maximale inspanningstest op een fietsergometer met daarbij ademgasanalyses 
gepresenteerd. De uitkomsten van de maximale inspanningstest zijn vergeleken met 
die van controlepersonen. De VO2piek van mensen met een SAB was 31% lager dan bij de 
controlepersonen. Verder was de VO2piek bij niet-vermoeide mensen met een SAB 26% 
lager dan bij de controlepersonen, terwijl dit 37% was voor vermoeide mensen met 
een SAB. Aangezien mensen met een SAB een lage fitheid hebben lijken interventies 
wenselijk om de fitheid te verhogen.

Hoewel de VO2piek de gouden standaard is om de fysieke fitheid te bepalen, is het vaak 
lastig om maximale inspanningstesten met ademgasanalyses uit te voeren in een 
revalidatie setting. Daarnaast kunnen mensen met een SAB ook specifieke ziekte-gere-
lateerde klachten hebben waardoor het uitvoeren van een maximale inspanningstest 
niet haalbaar is. Hoofdstuk 5 beschrijft het onderzoek waarin wordt geëvalueerd of een 
sub-maximale zes minuten wandeltest (6MWT) de VO2piek kan voorspellen. Het regres-
siemodel toonde aan dat de zes minuten wandelafstand een sterke voorspeller is voor 
de VO2piek, dit veronderstelt dat de gemiddelde VO2piek op groepsniveau voorspeld kan 
worden aan de hand van een sub-maximale 6MWT. Echter, deze bevinding ging gepaard 
met een forse afwijking van de schatting. Daarom is het niet mogelijk om de 6MWT af te 
nemen en op een individueel niveau een schatting te maken van de VO2piek. Toekomstig 
onderzoek is nodig om een klinisch toepasbaar alternatief te vinden voor de maximale 
inspanningstest zodat deze kan worden gebruikt om nauwkeurige individuele schat-
tingen te maken van de cardiorespiratoire fitheid van mensen met een SAB.
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De veranderingen in de fysieke fitheid over de follow-up tijd, en relaties met licha-
melijke activiteit, sedentair gedrag en functionele uitkomsten worden beschreven in 
hoofdstuk 6. Hoewel de cardiorespiratoire fitheid minimaal toenam over de follow-up 
tijd (significante toename tot 6.2%), bleven alle fitheidslevels significant lager dan de 
referentiewaarden. Verder blijkt uit ons onderzoek dat mensen met een SAB die licha-
melijk meer actief zijn een hogere fysieke fitheid hebben, terwijl een lagere functionele 
uitkomst is geassocieerd met een lagere spierkracht van de knie extensoren en flexoren. 
Daarnaast is er gevonden dat patiënten die een chirurgische clipping behandeling heb-
ben ondergaan een lagere fysieke fitheid hebben dan mensen die een endovasculaire 
coiling behandeling hebben gehad. Omdat de fysieke fitheid in het eerste jaar na SAB 
laag is, lijken interventies nodig zijn om deze te verbeteren. Deze interventies zouden 
zich moeten richten op het verbeteren van zowel de cardiorespiratoire fitheid als de 
spierkracht. Daarnaast zouden interventies zich ook kunnen richten op het verhogen 
van dagelijkse lichamelijke activiteiten en zouden zich moeten richten op, maar niet 
beperken tot mensen met een lage functionele uitkomst of mensen die een clipping 
behandeling hebben ondergaan.

Hoofdstuk 7 beschrijft de vermoeidheid in het eerste jaar na SAB. In dit hoofdstuk zijn 
ook relaties tussen vermoeidheid, lichamelijke activiteit, sedentair gedrag en fysieke fit-
heid onderzocht. Daarnaast hebben we geëvalueerd of de ernst van de vermoeidheids-
klachten kan worden voorspelt aan de hand van patiënt-gerelateerde karakteristieken. 
Ongeveer de helft van de mensen met een SAB heeft last van vermoeidheidsklachten 
waarvan de ernst niet veranderde over de follow-up tijd. Er zijn significante relaties ge-
vonden tussen de fysieke fitheid en vermoeidheid; patiënten die een lagere spierkracht 
hebben zijn ernstiger vermoeid. Er zijn geen relaties gevonden tussen lichamelijke 
activiteit of sedentair gedrag en vermoeidheid. Daarnaast bleek het niet mogelijk om 
vermoeidheid te voorspellen aan de hand van patiënt-gerelateerde karakteristieken. In 
dit hoofdstuk is geconcludeerd dat interventies nodig zijn om vermoeidheidsklachten 
te verminderen na een SAB omdat deze niet minder worden gedurende het eerste 
jaar. Aangezien vermoeidheid een multifactorieel probleem is, denken wij niet dat een 
eenzijdige fysieke training de vermoeidheidsklachten zal verminderen, we denken wel 
dat het een potentiele bijdrage kan leveren aan een multimodale behandeling van 
vermoeidheid na SAB.

Hoofdstuk 8 bevat de algemene discussie van dit proefschrift. Dit hoofdstuk beschrijft 
de belangrijkste bevindingen en de interpretatie van de resultaten. In dit hoofdstuk be-
schrijven we ook sterke en zwakke punten van het onderzoek, doen we aanbevelingen 
voor toekomstig onderzoek en geven we klinische implicaties.
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