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CHAPTER 1

GENERAL INTRODUCTION

“In 1993, at the age of 44, [ started having severe epileptic seizures. While
I had been the keystone of a family of five children prior to this, the seizures
gradually began to seriously hinder my daily life activities. This not only led to
adivorce, as my husband found himself unable to cope with this new situation,
but I also lost my job after a few years. In the meantime, it had become clear
that antiepileptic drugs did not help in controlling the seizures. I was then
advised to undergo neurological surgery with the aim to remove the focus of
the seizures, which was, according to the doctors, located in the right side of my
brain and the hippocampus in particular. In 2004, almost twelve years after the
onset of the seizures, the surgery was performed and the seizures almost never
reoccurred. While I felt relieved with this result, I was also faced with a new
problem. I started to experience severe difficulties with finding my way around,

particularly in environments I had never encountered before the surgery.”

Thisquoteisfrom patientZ.R.,anow 66-year-old female who wasbroughttomy attention
by a colleague from the Neuropsychology department of the University Medical Center
Utrecht. In my position as a PhD candidate with expertise in navigation ability, I was
asked several times to contribute to the assessments of neurological patients with specific
navigation problems. Patient Z.R. is by far the most fascinating case I have encountered.
As she explains above, her right anterior-medial temporal lobe and hippocampus were
surgically removed twelve years ago in an attempt to stop her intractable epilepsy. The
direct effect of this treatment was a nearly absolute inability to learn new routes, while
she experienced fewer problems in environments she was already familiar with. This
impairment became strikingly apparent when she had to move, six years after the surgery,
to anew apartment in a small town she had never lived in before. Over the past years, she
haslearned only a very limited set of fixed routes and still feels like a stranger in this town.
Although she is not anxious to ask other people for directions, she still gets lost in her
town and surrounding areas on numerous occasions. When she has to travel to locations
not reachable by foot or by bike, a companion must support her. Evidently, this severe
impairment in learning new routes has constricted her autonomy and mobility.

In this thesis, I aim to better understand the navigation problems that people
with brain damage, such as patient Z.R., are faced with. In this introduction, I will
first describe the two most influential models on the neurocognitive structure of
navigation ability, which mainly derive from research in healthy individuals. After
that, I will review the approach that neuropsychology has taken to the investigation
of navigation ability. I will also highlight the ways in which this thesis, as an example
of this neuropsychological approach, can contribute to the theory, assessment, and
rehabilitation of navigation ability.
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GENERAL INTRODUCTION

Neurocognitive architecture of navigation ability

The ability to find one’s way around in both familiar and unfamiliar environments
is essential for living an independent life. As we have seen in the report on patient
Z.R., problems with navigation can severely affect this autonomy. A widely held view
on navigation ability is that it depends on complex interactions between multiple
cognitive systems and, thus involves a wide network of brain structures (Brunsdon,
Nickels, & Coltheart, 2007; Wiener, Biichner, & Hélscher, 2009; Wolbers & Hegarty,
2010). Navigation involves the perception of spatial information that can be derived
from various sensory systems, such as the visual, vestibular, and proprioceptive
systems (Berthoz & Viaud-Delmon, 1999). This information allows one to generate
and store spatial representations in short-term and long-term memory (Labate,
Pazzaglia, & Hegarty, 2014; Ngo, Weisberg, Newcombe, & Olson, 2016; Weisberg
& Newcombe, 2016). The resulting representations can subsequently be used for
planning routes and guiding navigation behavior (Spiers & Maguire, 2006). Hence,
many cognitive functions including visuospatial perception, (working) memory,
mental imagery, attention, and executive functions contribute to navigation ability
(Chrastil & Warren, 2012; Guariglia & Pizzamiglio, 2007; Wolbers & Hegarty, 2010).
As regards the underlying brain areas, navigation researchers have mainly focused
on posterior brain regions, such as the parietal lobe, the retrosplenial cortex, medial
temporal lobe structures, and striatal systems (Burgess, 2008).

In the past decades, several models have been proposed to describe the underlying
neurocognitive architecture of navigation ability. I will describe two prominent
models in more detail. The first model concerns the distinction between egocentric
and allocentric perspectives for the purpose of navigation (Klatzky, 1998), which has
been highly influential in the spatial cognition literature. I will also introduce the
landmark-route-survey (LRS) model of navigation, which states that three types
of knowledge contribute to navigation (Siegel & White, 1975). These models have
influenced theoretical thinking about navigation ability in general as well as guided
research into and assessment of navigation ability in brain-damaged patients.

Egocentric and allocentric navigation

Navigation requires people to process the spatial characteristics of an environment
and to store this information for later use. The processing of this information can be
performed from an egocentric or allocentric perspective (Klatzky, 1998). Egocentric
representations contain information about the position of locations with respect to
the observer (e.g., “the supermarket is on my left”), while allocentric representations
specify how locations are related to each other irrespective of the position of the
observer (e.g., “the police station is north of the library”). This distinction was
initially thought to be exclusive, but in more recent work researchers have indicated
that egocentric and allocentric perspectives interact and play complementary roles

13




CHAPTER 1

(Byrne, Becker, & Burgess, 2007). Burgess, Spiers, and Paleologou (2004) have also
argued that a third process, named “egocentric updating”, is of importance in this
respect. This mechanism allows for updating of an egocentric viewpoint based on
bodily movements.

Neuroscientific results support the distinction between egocentric and allocentric
processing. While the former has been linked to parietal lobe activation, allocentric
processing relies on activation in the hippocampus (Burgess, 2006, 2008). The link
betweenallocentricrepresentationsand the hippocampus datesback to the Nobel prize
winning research of John O’Keefe and colleagues in rodents (O’Keefe & Nadel, 1978).
It has been shown that, both in rodents and humans, different groups of hippocampal
cells are sensitive to coding of places, grids, boundaries, and heading direction. In
cooperation, these cells allow for the generation of allocentric representations or
“cognitive maps” of the environment (Burgess, Jackson, Hartley, & O’Keefe, 2000;
Maguire, Burgess, & O’Keefe, 1999).

Landmark, route, and survey model

The LRS model states that three different types of knowledge contribute to navigation
behavior: landmark, route, and survey knowledge (Siegel & White, 1975). This model
was initially intended to describe the developmental stages that children go through
when learning a new environment, butit haslater been extrapolated to spatial learning
in adults as well (Chrastil, 2013). In the first stage, people acquire information about
landmarks or prominent features in the environment that can be used for orientation.
After that, information about particular routes is learned allowing people to navigate
along fixed paths. This route knowledge arises from forming associations between
turns (actions) and particular landmarks or decision points (places). Navigation
based on these place-action associations is, by definition, inflexible. In the last stage,
people obtain what is called survey knowledge: configurational information of the
environment as well as abstract information of metrical distances and angles. Survey
knowledge enables one to navigate in a flexible way, as this type of environmental
knowledge makes taking shortcuts and detours between locations possible. The
distinct types of environmental knowledge in the LRS model have not encountered
much criticism over the years, but its hierarchical organization has been challenged.
Multiple lines of evidence indicate that the temporal organization of the LRS model
is not as strict as was initially described (e.g., Ishikawa & Montello, 2006). The
revised LRS model has therefore refrained from the hierarchical structure of the three
representation types (Montello, 1998).

From a neurocognitive perspective, processing of landmark and scene information
has been linked to activation of the parahippocampal place area (PPA), a functionally
defined region involving the posterior parahippocampal cortex and the anterior
lingual gyrus (Epstein, 2014). Route knowledge is supported by activation in the
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parietal cortex and the caudate nucleus, while survey knowledge is dependent on the
hippocampus (Burgess, 2008).

It should be noted that some behavioral and neuroscientific overlap between
the egocentric-allocentric navigation model and the LRS model exists. While
landmark and route knowledge mainly concern information related to an egocentric
or observer-based perspective, survey knowledge is usually associated with a bird’s
eye viewpoint which is related to an allocentric or environment-based perspective.
Neuropsychological researchers have used these models to construct (ad hoc) test
procedures with the aim of objectively assessing navigation problems in brain-
damaged patients, as [ will describe in the next section.

Neuropsychological research into navigation ability
Theneuropsychological approach to the investigation of navigation ability can roughly
be classified into two types of studies. On the one hand, neuropsychologists have
studied individual patients with navigation problems in case reports. In the second
type of study, groups of brain-damaged patients were the focal point. Both lines of
study have contributed to our knowledge about navigation ability and associated
impairments, butin different ways. [ will first describe the contribution of case studies
to navigation research, followed by a similar discussion of group studies.

The main aim of the case study approach has been to specify the types of
impairments in navigation ability that cause these patients to experience difficulties
with finding their way around. This is typically done by detailed assessment of
cognitive functions and navigation ability in particular, for example, by large-
scale navigation tasks based on environments that the patient was already familiar
with before the onset of brain damage. In addition, this approach allows individual
differences in navigation ability to be taken into consideration. In 1999, Aguirre and
D’Esposito reviewed case studies on impairments in navigation ability and identified
four types of “topographical disorientation”: egocentric disorientation (an inability
to represent locations with regard to the body), heading disorientation (an inability
to derive directional information from landmarks), landmark agnosia (an inability to
identify prominent features in the environment or to use these for orientation), and
anterograde disorientation (an inability to learn new routes and environments). While
their review has been cited many times, its influence has been mainly restricted to
the clinical navigation literature. Also, many new case reports have been added to the
navigation literature in the past two decades (e.g., Caglio, Castelli, Cerrato, & Latini-
Corazzini, 2011; Ciaramelli, 2008; Mendez & Cherrier, 2003; Rainville et al., 2005;
Rusconi, Morganti, & Paladino, 2008; Ruggiero, Frassinetti, lavarone, & Iachini,
2014; Turriziani, Carlesimo, Perri, Tomaiuolo, & Caltagirone, 2003; van der Ham et
al., 2010). Consequently, there seems to be a need for an updated inventory of the types
of impairments in navigation ability reported. Ideally, the resulting model should not
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only be of clinical relevance, but also influence theoretical thinking. A model that
connects theoretical and clinical perspectives of navigation ability is currently lacking.

Group studies in neurological patients have focused on exploring the brain-
behavior relationships relevant to navigation ability. Patients with amnestic mild
cognitive impairment (aMCI) and early stage Alzheimer’s disease (AD) have been of
particular interestin this respect. In its initial stages, AD is characterized by atrophy in
the medial temporal lobe including the hippocampus and the entorhinal cortex (Jack
etal.,, 1997) and later progresses to other brain structures (Braak & Braak, 1991). This
leads to the hypothesis that aMCI and early stage AD patients show more difficulties
with allocentric navigation, while egocentric navigation remains relatively intact. This
assumption hasindeed been confirmed and studies have revealed negative correlations
between the extent of hippocampal damage and allocentric navigation performance
(e.g., Hortetal., 2007; Kalova, VIZek, Jarolimovi, & Bures, 2005; Nedelska et al., 2012;
Weniger, Ruhleder, Lange, Wolf, & Irle, 2009). This line of studies provides a clear
neuropsychological illustration of establishing relationships between the functioning
of the brain and navigation behavior.

Other researchers have been more interested in the clinical aspects, such as the
prevalence, severity, and nature of impairments in navigation ability in various brain-
damaged patient groups, including mild cognitive impairment (MCI) and Alzheimer’s
disease (AD; Pai & Jacobs, 2004; Pai & Lee, 2016), temporal lobe epilepsy (Bell, 2012;
Pereira et al., 2011), traumatic brain damage (Livingstone & Skelton, 2007), and stroke
(Busigny et al., 2014). Attention has mainly been devoted to the patient groups with
relatively homogenous brain pathology (e.g., MCI and AD). In contrast, studies in
stroke patients, who are by definition heterogeneous in terms of brain pathology, have
been relatively scarce thus far. This is striking, as nearly one out of three stroke patients
reports problems with navigation after their stroke event (van der Ham, Kant, Postma,
& Visser-Meily, 2013). Further research into the occurrence and nature of navigation
problems after stroke is thus clearly indicated.

Assessment of navigation ability

Over the years, many different tests have been used to objectively assess navigation
ability in healthy and brain-damaged groups. Tests similar to the Route Learning
Test (RLT) originally presented by Barrash, Damasio, Adolphs, and Tranel (2000)
have been widely applied (e.g., Bell, 2012; Pereira et al., 2011). In this test, the examiner
walks a specific route with the participant and upon return at the starting point the
participant has to reproduce the studied route in three trials. Other authors have
reported test procedures thataddress multiple aspects of navigation ability rather than
using a single outcome measure. For example, van Asselen, Kessels and coworkers
(2006) had their participants study a route and afterwards presented them with four
navigation tasks: landmark recognition, landmark ordering, route reversal, and route
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drawing. AsIhave argued earlier in van der Ham & Claessen (2016; see Part 2), I much
prefer the latter approach, as assessment instruments of navigation ability relying on
multiple tasks take the cognitive complexity of navigation ability into consideration.
Also, assessment of navigation ability should ideally be based on a theoretically guided
model of its cognitive organization. This would lead to further integration of the
different approaches to the study of navigation ability and facilitate both theoretical
and clinical advancements.

In current neuropsychological practice, navigation ability is usually not dealt with
inan explicitmanner. Cliniciansrarely ask for navigation problemsin theirintakes (van
den Berg & Ruis, 2016) and objective assessment of navigation ability is uncommon.
This might in part be related to the fact that presently no valid tests for navigation
ability are available for use in clinical practice. Many navigation tests are unsuitable
in this respect, as they are carried out in the real world and thus reliant on a particular
environment or building. I therefore advocate the use of virtual reality techniques in
the assessment of navigation ability. Virtual reality allows for strict control over the
environment and prevents the influence of potentially disturbing factors (van der
Ham, Faber, Venselaar, van Krefeld, & Loffler, 2015).

In addition to a widely applicable objective navigation test, clinical practice
will also benefit from a screening instrument that helps in determining whether or
not extensive testing of navigation ability is advisable. I think that the previously
developed Wayfinding Questionnaire (WQ; van der Ham et al., 2013) is promising as
a self-report instrument of navigation-related complaints. Further investigation of its
validity and clinical utility is indicated prior to implementation in clinical practice.

Rehabilitation of impaired navigation ability

Research exploring possibilities of rehabilitation or training for impaired navigation
ability is currently very limited. Only few reports have described (ad hoc) training
procedures for rehabilitation of navigation impairment (Bouwmeester, van de Wege,
Haaxma, & Snoek, 2015; Brooks et al., 1999; Davis & Coltheart, 1999; Incoccia,
Magnotti, laria, Piccardi, & Guariglia, 2009; Kober etal., 2013; Rose, Attree, Brooks, &
Andrews, 2001). Most of these reports have two setbacks in common. The procedures
described in these studies were only applied in a single patient and therefore lack a
systematic approach. Even more importantly, the main goal is usually to teach the
patient a limited set of specific routes. A prominent approach in current cognitive
rehabilitation is, however, to provide patients with knowledge and skills that allow
them to compensate for their cognitive disabilities, for example by teaching them
alternative strategies to solve particular types of tasks (Cicerone et al., 2011). In my
view, such a compensatory approach can also be applied to the rehabilitation of
navigation impairment. By teaching patients to use an alternative navigation strategy,
they would be able to approach navigation tasks in a different way. Based on detailed
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assessment of navigation ability, the pattern of strengths and weaknesses within this
ability could give insight into an appropriate alternative navigation strategy for each
individual patient. I advocate that the feasibility of using virtual reality in this type
of training procedure should be examined, as this technique allows for full control
over the environment (Rose, Brooks, & Rizzo, 2005) and does not require physical
movement. This latter advantage is of particular relevance to stroke patients as they
commonly complain of fatigue (Schepers, Visser-Meily, Ketelaar, & Lindeman, 2006).

Thesis outline

The general objective of this thesis is to gain further insight into navigation ability
after brain damage, with a primary focus on stroke patients in the chronic phase. I aim
1) to develop a model that describes the types of impairments in navigation ability that
have been observed, 2) to provide instruments that can be used in clinical practice for
the assessment of navigation ability, 3) to show that theoretical models on navigation
ability can be helpful in guiding assessment, and 4) to introduce a new, compensatory
approach to the rehabilitation of impaired navigation ability. The four parts of this
thesis correspond to these specific aims.

In Part1, [ aim to describe the types of impairments in navigation ability that have
been reported in case reports on brain-damaged individuals. A systematic literature
search was performed in Chapter 2 to identify relevant case reports on navigation
impairment, and to provide a model describing the types of impairments in navigation
ability reported so far.

In the three chapters in Part 2, I focus on the development and validation of
subjective and objective instruments that can be used in clinical practice to assess
navigation ability. Chapter 3 provides a first analysis of the Wayfinding Questionnaire
(WQ) as a self-report instrument on navigation-related complaints. It can be used to
determine whether additional assessment of navigation ability would be required.
The focus in this chapter lies on investigation of the internal validity of the WQ in
healthy respondents and chronic stroke patients, and on establishing a final version of
the WQ. In Chapter 4, the discriminative validity and clinical utility of the WQ were
studied. Chapter 5 describes the validation of the Virtual Tiibingen test battery, an
objective assessment instrument for navigation ability. This was verified by directly
comparing navigation performance on the Virtual Tiibingen test battery and that on
an equivalent real-world navigation test.

Part 3 of this thesis contains three studies in which I aim to unravel the nature of
impaired navigation ability by taking a theory-driven approach to its assessment. In
Chapter 6, navigation performance of chronic stroke patients on the Virtual Tiibingen
test battery was analyzed. Chapter 7 describes the assessment of navigation ability in
patient Z.R. mentioned earlier. In both chapters, assessment of navigation ability was
guided by the model presented in Part 1. Chapter 8 provides a systematic approach
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to verify a dissociation between spatial and spatiotemporal aspects of navigational
knowledge which has previously been reported in a case study on two patients.

The chapter in Part 4 is devoted to the rehabilitation of impaired navigation
ability. Chapter g presents a study in which a novel approach to the rehabilitation of
navigation impairment was explored in six chronic stroke patients. The aim was to
instruct patients to adopt an alternative navigation strategy instead of having them
learn particular routes. The feasibility of virtual reality in this rehabilitation approach
was also subject of this study.

Finally, Chapter 10 summarizes the main findings and conclusions of this thesis.
This chapter follows the structure of the four parts described above. In addition, I will
discuss possibilities of virtual reality techniques for assessment and rehabilitation
of navigation ability. I will conclude by arguing that this thesis as a whole serves as a
bridge between theoretical research and clinical practice.
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CHAPTER 2

ABSTRACT

The neurocognitive architecture of navigation ability has been investigated by
extensively studying the navigation problems of individual neurological patients.
These neuropsychological case reports have applied highly variable approaches to
establish navigation impairment in their patients. This review provides a systematic
and up-to-date inventory of all relevant case studies and presents an analysis of the
types of navigation impairments that have been described. The systematic literature
search revealed 58 relevant papers reporting on 67 neurological patients. Close
analysis of their patterns of navigation performance suggests three main categories of
navigation impairments. These categories are related to three types of representations
that are considered highly relevant for accurate navigation: knowledge of landmarks,
locations, and paths. The resulting model is intended to serve both clinical and
theoretical advances in the study of navigation ability and its neural correlates.
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CLASSIFICATION OF NAVIGATION IMPAIRMENT

INTRODUCTION

Many daily activities require humans to be able to adequately navigate from one
location to another. This might concern navigating to a particular location in a familiar
environment, such as moving from the living room to the kitchen in our own homes.
On other occasions, it might be needed to navigate through environments we have
never visited before. Such situations can occur when visiting a friend in an unfamiliar,
distant city or when going on vacation. Although directions provided by navigation
aids or other people can be of assistance when navigating, complete reliance on such
aids would clearly reduce our autonomy and mobility.

Given the importance of navigation for daily life, researchers have shown
increasing interest in unraveling the neurocognitive mechanisms that support this
ability. This research has clearly revealed that navigation ability is dependent on
the integration of many cognitive mechanisms (e.g., Brunsdon et al., 2007; Wiener
et al., 2009; Wolbers & Hegarty, 2010). Some have focused on healthy individuals,
for example with regard to allocentric and egocentric processing mechanisms for the
purpose of navigation (e.g., Burgess, 2006; Klatzky, 1998). Other researchers have
studied the types of information that allow for adequate navigation in healthy people,
such as the distinction between landmark, route, and survey knowledge (e.g., Latini-
Corazzini etal., 2010; Montello, 1998; Wolbers & Biichel, 2005; Wolbers etal., 2004).
These findings jointly emphasize that navigation ability is supported by a complex
interaction between multiple cognitive operations and, thus, heavily depends on the
integrity of the brain.

Several group studies on navigation have shown that brain disorders might
negatively affect navigation ability. These types of studies represent another approach
to the study of this ability and its neural correlates. Busigny and colleagues (2014), for
instance, systematically verified navigation impairment in patients who suffered from
ischemic stroke in the territory of the posterior cerebral artery. Several earlier studies
have also investigated navigation problems in samples of stroke patients (e.g., Barrash
etal.,2000; van Asselen, Kessels etal.,2006) and others have focused on other types of
acquired brain damage, including traumatic brain injury (e.g., Livingstone & Skelton,
2007), Korsakoff’s syndrome (Oudman et al., 2016), and Alzheimer’s disease (e.g.,
Cushman et al., 2008). This line of studies has been helpful in verifying navigation
ability in neurological patient groups. But it does not allow for the consideration of
individual differences, while these have been found to be highly prominent with
regard to navigation (e.g., Hegarty et al., 2006). Neuropsychological assessment of
navigation performance at a single cases level is, however, highly suitable to study
individual variation in navigation ability.

While the single-case approach is at the historical root of neuropsychology,
studies using this methodology are still published on a highly regular basis (McIntosh
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& Brooks, 2011). This is particularly true for the study of navigation ability, as many
extensive case investigations into neurological patients with impaired navigation skills
have been published throughout the past decades (e.g., Caglio et al., 2011; Ciaramelli,
2008; Mendez & Cherrier, 2003; Rainville et al., 2005; Rusconi et al., 2008; Ruggiero
et al., 2014; Turriziani et al.,, 2003; van der Ham et al., 2010). The conductance of
adequate case studies is essential to gain further knowledge about the neurocognitive
architecture of navigation ability. That is, only close investigation and inventory of
individual patterns of intact and impaired navigation performances can lead to the
identification of distinct types of navigation impairments and their origins.

In 1999, Aguirre and D’Esposito published a seminal review on the patterns of
navigation impairment that had been described in single-case studies until then. Their
analysis resulted in the taxonomy of “topographical disorientation” identifying four
types of navigation impairments: 1) egocentric disorientation, an inability to represent
locations of objects in relationship to one’s own body, 2) heading disorientation, an
inability to derive directional information from landmarks, 3) landmark agnosia,
problems with recognizing and using landmarks for navigation, and 4) anterograde
disorientation, navigation problems strictly confined to novel environments. Over
the past two decades, this taxonomy has proven to be informative for the assessment
of navigation impairment.

Navigation researchers have continuously applied the case study method to study
navigation impairment in neurological patients. Hence, many new case studies have
been added to the literature since the model by Aguirre and D’Esposito was published
in1999.Itis therefore high time for an updated inventory of case studies on navigation
impairment. In addition, the current review will apply systematic procedures for
the identification and selection of relevant case studies. Such an approach improves
the quality and replicability of the findings (Gates & March, 2016). The aim of this
systematic review is thus to identify all relevant case studies as extensively as possible
and to make an inventory of distinct categories of navigation impairments. This
approach will allow analysis and subsequent classification of the patterns of intact and
impaired navigation performance that have been reported in the literature so far. The
resulting classification system will have both clinical and theoretical implications for
the field of navigation ability. Clinically, it will provide guidance for the assessment
and treatment of navigation problems in neurological patients. This system can also
be used to couple distinct categories of navigation impairments to brain diseases
and to identify neuroanatomical associations. As it will be based on the reported
dissociations and associations between distinct aspects of navigation ability, it will
also contribute to further development of theories and models of navigation ability.
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CLASSIFICATION OF NAVIGATION IMPAIRMENT

METHOD

A systematic literature search, adhering to the guidelines of Preferred Reporting Items
for Systematic Reviews and Meta Analyses (PRISMA), was performed using PubMed
and Web of Science. Over the past decades, an extensive terminology has been used
to indicate problems in navigation ability. The search terms were drafted to cover
the range of this terminology as closely as possible and are reported in Appendix A.
The result of the database search strategy was a total of 2,901 records (see Figure 1).
After duplicates had been removed, titles and abstracts of the remaining records were
screened for relevance to the review topic. This procedure resulted in a selection of 87
potentially relevant studies. A manual reference list screening of these studies led to
the identification of an additional set of 38 potentially relevant papers. This additional
setincluded ten papers (26 %) that used the term “topographic disorientation” (instead
of “topographical disorientation”), which was not included in the search terms. We
also analyzed the other 28 papers in the additional set, but no further clues were found
that could explain why these papers were not identified in the literature search. Full-
texts (if available) were assessed for eligibility in the next stage. Studies had to be
written in English and report on a case study of one or more neurological patients with
navigation impairment. For inclusion of a case report, it was required that at least one
navigation task (representing large-scale space) was used to objectively establish the
navigation impairment. Case reports that solely relied on self-report, observational
evidence, a single map drawing task or geographical knowledge tasks were considered
to be insufficient to determine a pattern of navigation impairment. Studies were
excluded if the case report concerned a patient younger than 18 years of age or if the
patient suffered from congenital brain damage; the review is not intended to cover
developmental aspects related to navigation ability. Case reports on Developmental
Topographical Disorientation were also excluded, given that these individuals are by
definition free of any type of acquired brain damage or neurological disorder (e.g., laria
& Burles, 2016). Author M.C. performed the procedure as described above. Author
[.H. was consulted when there was doubt about the inclusion of a paper.
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PubMed Web of Science
October 23rd, 2015 October 26th, 2015
n=733 n=2,168
A 4 A 4

Total number of records
n=2,901

Removal of duplicates
n=756

A4

A 4

Records screened

n=2,145
Records removed
> n=1,367 (title)
A 4 n =691 (abstract)
Articles assessed for eligibility
n=87
Reference list search Articles excluded (n = 67):

A4

n=38

* No full-text available (n = 5)
e Not in English (n =7)
* Main aim other than navigation (n = 3)
* Group study (n =2)

* < 18 years or congenital brain damage (n =7)
* Developm. Topographical Disorientation (n = 7)
* No large-scale spatial task administered (n = 30)

 Intact navigation performance (n = 6)

A\ 4

A 4

Final selection of articles
n=>58

Figure 1. Flow diagram of the systematic literature search.

RESULTS

The systematic literature search resulted in the selection of 58 papers with 67 case reports
of neurological patients suffering from navigation impairment that fulfilled the inclusion
criteria. Their performance patterns on objective neuropsychological, small-scale and
large-scale spatial tasks were analyzed in detail. The analysis started with an inventory of
all small-scale and large-scale spatial tasks that had been used in the selected case reports.
In the next stage, tasks were classified according to the concepts that they are assumed to
address. The classification was thus guided by the content of the tasksand not by theoretical
considerations. Furthermore, performance on tasks involving environments familiar to
the patient was separated from task performance in novel environments as encountered
after the neurological event. Then it was established whether a patient’s performance
within each group of tasks was intact, impaired or unknown. This classification
procedure eventually led to the identification of three functional categories of navigation
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impairments as described below. While these categories are clearly dissociable, some
patients are representative of more than one type of navigation impairment. A fourth
category includes cases with navigation problems as a result of other conditions.

Landmark-based navigation impairment

The navigation problems fora subset of 26 patientsreported in 21 papers (see Table 1) are the
result of difficulties with the processing of landmarks (mainly buildings) or environmental
scenes (landmark configurations or landscapes). Although their impairments might
concern various aspects of this ability (perception, encoding, retrieval, and recognition),
they have difficulties with landmarks or scenes in common. Further study of similarities
and differences in their landmark processing abilities resulted in four subcategories of
landmark-based navigation impairment.

Nine cases have been shown to suffer from difficulties with both recognition of famous
and familiar landmarks and acquiring knowledge about new landmarks as encountered
after the neurological event. Patient F.G. is a comprehensively tested model case for this
category (Rainville et al., 2005). F.G. was a 71-year-old male with an inability to recognize
faces of family members and friends that had gradually increased over five years. He was,
however, completely independent in his daily activities and did not experience problems
with navigation in daily life. Formal neuropsychological testing confirmed prosopagnosia
and a mild visual agnosia for object recognition. His performance on episodic memory
tests was slightly lower than expected based on his high level of intellectual functioning.
Assessment of his navigation abilities revealed a clear impairment in identifying famous
world monuments from photographs (such as the Eiffel tower in Paris, France, and
the Pyramids in Egypt) while his performance was better when asked to identify these
famous monuments from their name. This finding showed that his deficit was confined
to visual recognition of the monuments, while his semantic knowledge of these places
was preserved. A similar deficit was found for the identification of famous monuments in
his hometown Orange (France), most of which he had encountered on a daily basis for 30
years. Inaddition, he was unable to learn a set of sixteen places and buildings as seen during
awalkalong an unfamiliar route in Orange. Despite his problems with landmarks, F.G. was
able to provide detailed descriptions of familiar routes. Also, F.G. performed accurately
when asked to reach a destination in his hometown when allowed to use only secondary
roads. Subsequent retracing of this route was nearly flawless and pointing and distance
estimation tasks were performed without difficulty as well. In strong contrast, F.G. was
unable to reproduce a new route in an unfamiliar environment. The authors explained
his intact performance on tasks in his hometown as a result of the strategy he applied.
They found that F.G. compensated for his visuospatial deficit by heavily relying on verbal
information such as street names or written signs. He rarely used buildings as landmarks.
As the pre-existing internal representations of his hometown were well-preserved, his
compensation strategy was successful for familiar but not for unfamiliar environments.
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A similar pattern of impairments in the processing of famous/familiar and new
landmarks was found in the patient reported by Incisa della Rocchetta and colleagues
(1996), and cases 2—4 by Takahashi and Kawamura (2002). Three other patients might
also represent this subcategory given their descriptions, but their assessments are less
convincing given that no formal tests were used to confirm their landmark problems
(Landis et al., 1986; Paterson & Zangwill, 1945; Whiteley & Warrington, 1978).

The second subcategory of landmark-based navigation impairment is comprised
of patients who have difficulties, exactly like the patients described above, with
recognizing famous and familiar landmarks. Convincing and primary evidence for
this subcategory is provided by the reports on the patient in Hirayama and colleagues
(2003), S.E. (McCarthy et al., 1996), K.C. (Rosenbaum et al., 2000; Herdman et al.,
2015) and S.B. (Rosenbaum et al., 2005). Their assessments, however, were not
designed to measure their ability to acquire information about new landmarks or
scenes. Consequently, it remains unclear whether the landmark problems of these
patients would also occur in unfamiliar environments. Given that a pattern of intact
landmark recognition for unfamiliar environments along with impaired familiar
landmark recognition has never been reported in the literature, it seems unlikely that
these casesare able to acquire information about new landmarks. Six other patients also
belong to this subcategory, but their reports are less convincing given methodological
limitations. This concerns patients R.B. (Bouwmeester et al., 2015), D.G. and D.A.
(Herdman et al., 2015), A.R. (Hécaen et al., 1980) and cases 1 and 2 reported by Pai
(1997). Patient W.J. was found to be impaired on a recognition test for newly learned
scenes (van der Ham et al.,, 2010). Her ability to recognize familiar landmarks was,
however, not verified in the report. It thus remains unclear whether she would be able
to perform accurately on such a task. Given her spatial deficits, it appears more likely
that she suffers from broad difficulties with landmark processing like the patients in
subcategories 1and 2.

The third subcategory of landmark-based navigation impairment is represented
by four patients who have selective difficulties with processing of landmarks in newly
learned environments (after the neurological event). This includes the reports on R.H.
(Bird etal., 2007; Hartley etal., 2007), T.T. (Maguire et al., 2006), R.G. (Rusconi et al.,
2008) and case 1 (Takahashi & Kawamura, 2002). This latter case, for example, was
found to be able to identify several photographs of his house and the landscapes near
his house. Furthermore, his spatial representation of the area around his house was
intact given his accurate map drawing for this environment. In contrast, his ability
to identify photographs taken in the hospital he was admitted to was impaired. This
pattern of results indicates problems with landmarks only in new environments. The
casereport on R.H. also suggested that problems with landmarks can affect processing
of new landmarks alone (Bird et al., 2007). While her ability to name famous buildings
was preserved, she performed at an impaired level on a recognition memory task for
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unfamiliar buildings. Further study suggested that her difficulties with topographical
information might also concern the perceptual rather than the mnemonic level alone
(Hartley etal., 2007).

The fourth subcategory of landmark-based navigation impairment concerns
patients with very specific dissociations in their landmark processing abilities that
need to be described in detail. Mendez and Cherrier (2003) have described a patient
who had difficulties in finding his way around, also in familiar environments, after
having suffered an ischemic stroke event. The authors identified that, despite his
problems with navigation in familiar environments, he was accurate at drawing maps
and in describing familiar routes. His performance for familiar landmark recognition
was also intact. In contrast, he was unable to identify familiar scenes in the absence of
major landmarks. This finding was replicated based on a route learning task, in which
the patient was able to correctly recognize landmarks but not scenes. Consequently,
he had problems reproducing the newly learned route in case a break in landmarks
occurred. The authors thus argue that his navigation problems result from an isolated
problem with deriving information from scenes, or visual configurations of the
environment, that are composed of individually indefinite features.

An even more specific impairment in scene processing was presented in two
detailed case studies reported by Epstein and colleagues (2001). They described two
neurological patients, G.R. and C.O., who both reported difficulties with navigation
in new environments. G.R. also explicitly complained of a perceptual deficit with
complex scenes. Elaborate analyses of their abilities revealed that both of them had an
isolated inability to encode novel information from scene-like spatial layouts and use
it for later recognition. This task was, however, accurately completed for simple object
stimuli. They also performed normally on several other tasks involving scene-like
stimuli, such as perceiving spatial information from scenes and matching different
views of scenes. No problems were found when the patients were asked to discriminate
famous landmarks from closely matched non famous distractors. Assessment of their
navigation abilities further indicated that their spatial representations of familiar
environments were largely preserved, while they had difficulties with tasks concerning
novel environments (e.g., map drawing or retracing of a newly learned route).

All patients mentioned in Table 1 thus share in common a deficit in the processing
of landmarks or environmental scenes. Closer analysis of their patterns of performance
revealed a clear dissociation in the processing of landmarks in familiar and unfamiliar
environments. While defective landmark processing might affect navigation in both
familiar and novel environments, some patients have specific difficulties in novel
landmark processing alone. The opposite pattern of results has never been reported.
Several further case studies have suggested even more specific dissociations. Mendez
and Cherrier’s patient (2003), for instance, showed intact landmark processing along
with selectively disturbed scene processing. Most case reports have not only focused
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on landmark processing, but have also addressed other aspects of navigation ability.
In nine patients, the problems seemed to be confined to landmark processing alone,
while, for example, spatial representations of familiar environments were preserved
(G.R. in Epstein et al., 2001; McCarthy et al., 1996; Mendez & Cherrier, 2003; case 2
in Pai, 1997; Rainville et al., 2005; Takahashi & Kawamura, 2002). It should, however,
be mentioned that in some reports this finding was based on a single task, usually a
map drawing of the patient’s house. It might be that the sensitivity of such a task is
insufficient to identify spatial representational deficits. The remaining cases present
with atleastsubtle difficulties in, for instance, drawing a map of a familiar environment
or describing familiar routes. At this point, it remains hard to determine whether or
not these problems are directly related to the landmark processing deficit.

Analysis of the neuropsychological characteristics of the 26 patients with
landmark-based navigation impairment revealed that visual field defects are relatively
common. Fourteen patients (54%) suffered from a left visual field defect (hemianopia
or quadrantanopia). Only two patients (8%) had intact visual fields, while this
information was not reported for the remaining ten patients. Neglect was reported
for four patients (15%), absent in nine patients (35%) and no information regarding
neglect was provided for the others. If tested, higher-order visuospatial perception
is usually intact. Patients F.G. (Rainville et al., 2005) and W.J. (van der Ham et al.,
2010) are the only exceptions given their (mild) object agnosia. Moreover, a deficit in
landmark processing is not necessarily accompanied by problems in facial processing.
Six patients (23%) suffered from prosopagnosia or obtained impaired scores on tests of
facial processing. Twelve patients had intact facial processing (46%), while this ability
was not assessed in the remaining eight patients. As regards spatial span, ten patients
(38%) performed adequately on the Corsi Block-Tapping task or comparable measures.
Three patients (12%) had an impaired spatial span, while this ability was not evaluated
in the remaining thirteen patients. Fourteen patients (54.%) suffered from problems in
spatial learning given impaired or borderline scores on tests like the recall condition of
the Rey Complex Figure, the Benton Visual Retention Test, the Corsi supraspan, and
maze learning tasks. Three patients showed intact spatial learning (12%), while this
ability was not assessed in the remaining reports. This analysis shows that landmark-
based navigation impairment rarely occurs in strict isolation and can be accompanied
by visual field defects, neglect, facial processing deficits and problems in spatial span
and spatial learning. Given the variability in the pattern of neuropsychological deficits
across patients with landmark-based navigation impairment, however, these deficits
appear to be an unlikely explanation for their problems in landmark processing.

As regards the underlying neuroanatomical correlates of landmark-based
navigation impairment, the majority of patients suffered from lesions involving the
right temporal and occipital lobes. More specifically, the right temporal lobe was
affected in twenty patients (77%). The right hippocampus was damaged in fourteen
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patients (54%) and the right parahippocampal areas in eight patients (31%). Damage
to the right occipital lobe was also relatively common (58%). For five patients, it
was explicitly reported that the lesion involved the right lingual gyrus. Four studies
implicated the right parietal lobe (precuneus). In two studies, researchers were
unable to specify the lesion localization. A specific comparison between the patients
in subcategory 1 (broad deficit in landmark processing) and subcategory 3 (novel
landmark processing alone) revealed a notable difference in lesion localization.
Lesions of patients in the latter subcategory appear primarily restricted to right medial
temporal areas such as the hippocampus. Most patients in subcategory 1, however,
suffered from lesions also incorporating substantial portions of the right occipital
lobe. The etiology of the brain damage was diverse. Ischemic and hemorrhagic stroke
were common, but traumatic brain injury (open and closed head), encephalitis and
Alzheimer’s disease were also reported. In the discussion section, these findings will
be interpreted in the light of existing neurocognitive studies on landmark processing
in the healthy population.

To summarize, the first category of patients with navigation impairment concerns
individuals who have difficulties with the processing of landmarks (mainly buildings)
and environmental scenes (landmark configurations and landscapes). Closer analysis
has shown that landmark-based navigation impairment might affect landmark
processing in a generalized sense (i.e., both familiar and novel landmarks). However,
difficulties restricted to novel landmarks or even more specific deficits have also
been reported. This type of navigation impairment is not necessarily accompanied
by a specific pattern of neuropsychological deficits, however, left visual field defects
and spatial learning problems are relatively common. Inventory of lesion areas has
suggested that most patients suffered from lesions comprising the right temporo-
occipital areas. The involvement of the right occipital lobe is more likely in patients
with a broad landmark processing deficit. In contrast, patients who have specific
difficulties with novel landmarks mostly have lesions confined to right temporal lobe
structures such as the hippocampus.

Location-based navigation impairment

Patientsin this second category of navigation impairmenthave difficulties with recalling
and/or acquiring knowledge of landmark locations and how these places relate to each
other. In contrast, they are usually accurate in visually identifying these landmarks.
These patients show impaired performance on tasks that require them to describe the
absolute or relative spatial locations of landmarks or to pointinto their directions when
(imagining) standing at a certain location. Consequently, they tend to draw incorrect
maps and might have difficulties with providing accurate route descriptions between
locations. The patient reported by Caglio and colleagues (2011) is a model case for the
seventeen patients (seventeen papers) who fit this category (see Table 2).
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Caglio and colleagues’ (2011) patient concerned a 68-year-old male who suddenly
became unable to navigate while driving in his car. Examination at the hospital revealed
an ischemic stroke affecting the right mesial occipito-temporal region of his brain.
More specifically, the right parahippocampal and lingual gyri were damaged, while the
hippocampus was found to be intact. Four months after the stroke event, his navigation
abilities were assessed in detail as he still reported to be unable to find his way around
in the city center that was highly familiar to him. Neurological examination showed a
left upper quadrantanopia. Visual perception and verbal memory were intact and no
indications for neglect were objectified. His spatial span was limited but normal. He
was unable to learn the sequence of the spatial supraspan. Analysis of his navigation
abilities revealed that he was able to recognize familiar landmarks and to indicate
distances between pairs of these landmarks. Route descriptions and descriptions of
alternative routes were accurate. His performance on a pointing task between pairs
of landmarks was impaired. He was also unable to draw a map of the city center and
became confused when asked to indicate the locations of important landmarks on it.
This pattern of results indicates that he was unable to recall landmark locations and
their interrelationships. The fact that his (alternative) route descriptions were accurate
shows, however, that his knowledge of the paths that connect landmarks is preserved.
As such, this case report can be interpreted as providing a dissociation between this
category and the one that will be described in Path-based navigation impairment.

Further primary evidence for location-based navigation impairment is provided
by ten case reports (N. Burgess etal., 2006; Descloux etal., 2015; Hirayamaetal., 2003;
Ino etal., 2007; Luzzi et al., 2000; Ruggiero et al., 2014; R.G. reported in Morganti et
al., 2008 and Rusconi et al., 2008; patients 1 and 2 by Takahashi et al., 1997; Tamura et
al., 2007). Six additional case reports are also indicative of location-based navigation
impairment (Bouwmeester et al., 2015; Davis & Coltheart, 1999; Gardini et al., 2011;
Grossi etal., 2007; patient 2 by Habib & Sirigu, 1987; Han et al., 2011). As their testing
procedures and/or statistical findings are less convincing than the other reports, these
cases are interpreted as yielding probable evidence.
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Several reports have attempted to unravel the deficit that underlies location-
based navigation impairment by administering (experimental) tasks tapping into
more general spatial cognitive abilities. N. Burgess and colleagues (2006), for instance,
verified their patient’s ability to recognize objectlocations from the same or a different
viewpoint in a virtual object location task. While her performance was comparable
to that of matched controls in the “same” condition (egocentric spatial memory),
performance worsened in the condition requiring her to recognize object locations
from a shifted viewpoint. These results suggest that a deficit in allocentric spatial
memory (or in the processes required to interpret output from the allocentric system)
might explain her navigation problems in both familiar and novel environments.
Further evidence suggesting that spatial memory problems might underlie location-
based navigation impairment comes from the reports on patients M.S. (Ruggiero etal.,
2014) and R.G. (Morganti etal., 2008; Rusconi etal., 2008). Based on an object location
task, it was found that they were both able to remember the identity of the presented
objects, while they had difficulties with recalling the object locations. Moreover,
the patient reported by Ruggiero and colleagues (2014) had problems in associating,
or binding, the objects with their positions. When translating these findings based
on small-scale spatial tasks to large-scale space, they might well provide a plausible
explanation for the problems that these patients experience with recalling and/or
acquiring information about the locations of landmarks.

Two case reports have closely evaluated their patients’ ability to make spatial
judgments either based on categorical (left/right) or coordinate (metric) relationships
(Descloux et al., 2015; Ruggiero et al., 2014). Interestingly, the patients were highly
similar in their pattern of performance on this type of task. While they performed
at the level of healthy controls for categorical relationships, their performance
was significantly lower compared to controls for metric spatial judgments. These
findings might provide a further explanation for the inability of patients in this
category of navigation impairment to recall and/or acquire information about the
interrelationships of landmark locations.

Another spatial processing deficit that appears to underlie the navigation
problems of the patients in this category comes from two reports (patient 2 by Habib
& Sirigu, 1987; Ino et al., 2007). These two patients share a remarkable similarity
in terms of their inability to egocentrically update their position relative to an
invisible starting point when moving along a route. This process of updating one’s
position from an egocentric perspective has also been defined as dead reckoning.
Ino and colleagues (2007) have argued that adequate dead reckoning is essential
to gain reliable knowledge about locations and their spatial relationships. In this
sense, a deficit in egocentric updating or dead reckoning might negatively affect the
ability to acquire information concerning locations and their interrelationships in
previously unknown environments.
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Inventory of neuropsychological deficits of the seventeen patients with location-
based navigation impairment revealed that visual field defects were reported for seven
patients (41%). For six of them, the defect affected the left visual field and one patient
had a right-sided visual field defect. Another patient had been blind for 30 years due
to glaucoma. No information about visual fields was mentioned for the other six
patients. Neglect was uncommon and objectified in only two patients (12%). Eleven
patients (65%) showed no indications of neglect, while neglect was not verified for
the other four patients (23%). Evaluation of visuospatial perception showed normal
performance in eleven patients (65%) and impaired performance in one patient (6%).
For three patients (18%), tests for visuospatial perception revealed inconsistent findings
suggesting that this ability might be affected at least to some extent. No information
on visuospatial perceptional abilities was provided in two case reports. A deficit in
face processing was objectified for three patients (18%), while this ability was normal
in eleven patients (65%). Tests addressing facial processing were not administered
in the remaining three patients. Nine patients (53%) had a normal spatial span, three
patients (18%) had an impaired spatial span and no such information was given in the
remaining case reports. Lastly, nine patients (53%) obtained impaired or borderline
scores on tests of spatial learning. Intact spatial learning was objectified in only two
patients (12%). This function was not evaluated in the other six patients. This analysis
indicates that location-based navigation impairment might be accompanied by
visual field defects and problematic spatial learning appears to be highly common. In
contrast, neglectand problems regarding visuospatial perception and facial processing
are rather uncommon in combination with location-based navigation impairment.

Inventory of the lesion locations of patients with location-based navigation
impairment indicated involvement of the right temporal lobe (65%), right parietal
lobe (41%) and the right occipital lobe (35%). In comparison to the landmark category,
the lesion incorporated the right parietal lobe relatively more often in the location
group. Only two patients had lesions strictly confined to the left hemisphere. Two
specific brain areas were relatively often mentioned as affected by the lesion: the right
retrosplenial cortex (6 patients, 35%) and the right parahippocampal gyrus (5 patients
(29%). No brain abnormalities could be objectified in three case reports. Damage due
to ischemic or hemorrhagic stroke was the most common etiology in this category.
Alzheimer’s disease, limbic encephalitis and PCA (posterior cortical atrophy) have
also been mentioned as the origin of the lesions.

The second category of navigation impairment concerns patients who show
problems in recalling and/or acquiring information about landmark locations and
their interrelationships. This type of impairment might affect navigation in familiar
and novel environments. The analysis has suggested that location-based navigation
impairment might result from deficits in spatial memory, specifically with regard to
locations as well as binding objects (e.g., landmarks) to their locations. Some patients
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have also presented with difficulties in making spatial judgments based on metric
relationships, and defective egocentric updating. These impairments might underlie
the difficulties that the patients have when asked to indicate the spatial relationships
between locations. From a neuropsychological perspective, these patients suffer
relatively often from defective spatial learning and visual field defects are also common.
Damage is usually located in the posterior portion of the right hemisphere; that is in
the temporal, parietal and occipital areas. More specifically, the right retrosplenial
area and the right parahippocampal gyrus might play a specific role in location-based
navigation impairment.

Path-based navigation impairment
The third category of navigation impairment is comprised of thirteen patients
(twelve papers; see Table 3) who experience difficulties regarding the paths that
connect locations with each other. They have problems with recalling these paths for
familiar environments and/or in acquiring this information for new environments
and routes. Furthermore, navigation-related problems might occur when these
patients have to rely on spatial information alone, as they are unable to use (the
metric structure of) paths for orientation purposes. This inability is reflected in their
defective use of maps. Like patients with location-based navigation impairment,
they usually produce distorted maps and provide inaccurate descriptions of routes
between locations or landmarks

The case report on patient T.T. by Maguire and colleagues (2006) provides a clear
example of path-based navigation impairment. T.T. was a 65-year-old male who
worked for 37 years as a licensed taxi driver in London. To qualify for the London taxi
driver license, candidates have to undergo an extensive training procedure (2—4 years)
known as “The Knowledge”. The training requires candidates to learn the full layout of
the city which comprises 25,000 streets and thousands of places of interest (Maguire et
al., 2006). Passing the difficult series of examinations is only possible if candidates are
able to demonstrate highly detailed knowledge of the city’s layout. As a consequence
of limbic encephalitis, it was found that T.T. suffered from selective damage to both
of his hippocampi. Neuropsychological evaluation revealed severe anterograde and
retrograde memory impairments. Moreover, the authors investigated T.T.’s ability
to actively navigate between landmarks in central London using a realistic video
game. Elaborate analyses indicated that T.T. relied heavily on main roads to navigate
between London landmarks. He tended to become lost when use of non-main roads
was inevitable. This pattern of performance shows that T.T.’s navigation impairment
results from difficulties with recalling information about the fine-grained structure
of the paths that connect London landmarks. Importantly, he performed intact on a
London landmark recognition test, which used distractors that were closely matched
in their visual appearance to the actual London landmarks.
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The case reports on patients A.C. and W.J. (van der Ham et al., 2010) suggest
that even more selective and dissociable impairments in path knowledge can occur.
Patient A.C. was a 36-year-old female suffering from an ischemic infarction to the
medial occipital, the angular and a small part of the postcentral gyrus. Van der Ham
and colleagues (2010) showed that she had a highly selective deficit in acquiring
information about the order of decision points along a newly learned virtual route.
In contrast, she performed accurately on a task that required her to form associations
between places (decision points) and actions (turns). Patient W.J. showed exactly the
opposite pattern of performance, that is, intact ordering but impaired at connecting
decision points and turns. Similar to patient T.T. described above, the navigation
impairments of patients A.C. and W.J. result from problems with knowledge that is
associated with paths.

In addition to Maguire and colleagues’ patient (2006) and the two patients
presented by van der Ham and colleagues (2010), further primary evidence for path-
based navigation impairment is offered by seven case reports (Bottini et al., 1990;
Hécaen et al., 1980; Hublet & Demeurisse, 1992; Katayama et al., 1999; Rusconi et
al., 2008; Suzuki et al., 1998; Turriziani et al., 2003). Given that only very limited
information was available about the navigation assessments of three further patients
(Alemdar et al., 2008; patient 1 in Habib & Sirigu, 1987; Osawa et al., 2008), these
reports are interpreted as probable evidence for path-based navigation impairment.
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A commonality between patients with path-based navigation impairment lies
in their problematic use of maps and/or in transferring map representations to the
real-world. This indicates that the navigation impairment of these patients does
not only affect route knowledge, but also aspects of survey knowledge, such as the
metric features of paths. For many patients in the category, this inability is evidenced
by impaired performance on tasks that were introduced by Semmes and colleagues
(1963) and Hécaen and colleagues (1972). In these tasks, participants are given maps
depicting a particular path between landmarks placed in rows on the floor (Hécaen
etal., 1972) or taped on the wall (Hécaen et al., 1972). Participants are required to walk
the indicated path between the landmarks. A critical manipulation usually lies in the
type of landmarks. Landmarks can be distinct (various geometrical shapes or concrete
objects) or identical (plain papers). Many patients produce correct paths when distinct
landmarks are present. In contrast, they fail when the landmarks are identical. Hence,
difficulties with this type of task occur when the patients have to rely solely on spatial
information or the structure of paths as depicted on the map (Alemdar et al., 2008;
Bottini et al., 1990; Hécaen et al., 1980; Hublet & Demeurisse, 1992; Katayama et al.,
1999; Turrizianietal.,2003). Anillustration of defective transfer of map representations
to the real-world is provided by the patient described by Suzuki and colleagues (1998).
Due to an inability to trace her actual position on a map, it took her very long to follow
aroute indicated on a map.

As regards the neuropsychological characteristics of the thirteen patients in this
category, it was found that seven patients (54 %) suffered from a visual field defect.
The defect was located on the left side in four patients and on the right side in two
patients. Two other patients (15%) had normal visual fields and information about
visual fields was absent in the remaining four case reports. The presence of neglect was
objectified in only one patient (8%), explicitly absent in eight patients (62%) and not
assessed in four patients. Visuospatial perception was intact, if tested, and only two
patients (15%) showed borderline performance. Face processing was found to be intact
if tested and only one patient had temporary difficulties with face recognition. Normal
spatial spans were found for seven patients (54%), impaired in two patients (15%) and
untested in the other four cases. Lastly, spatial learning problems were highly common
in this group. Ten patients (77%) showed impaired spatial learning, one patient had
intact spatial learning skills (8%). No assessment of spatial learning was reported in
two case studies. This analysis shows that path-based navigation impairment is likely
to be accompanied by impaired spatial learning and visual field defects are relatively
common. Neglect and problems with visuospatial perception and facial processing
hardly occur in combination with path-based navigation impairment.

Analysis of lesion locations revealed that damage to the right occipital lobe (46 %),
the right temporal lobe (38%) and the right parietal (31%) was relatively often reported
for the patients in the path-based category. For only two patients, the brain damage
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was found to be primarily confined to the left hemisphere. Further inventory of more
specific brain areas revealed that the right hippocampus was the only structure that
was damaged in more than a single patient (i.e., four patients, 31%). Interestingly, this
category of navigation impairment includes some patients who have suffered from
highly focal brain lesions. For example, Hublet and Demeurisse’s (1992) patient had
a lesion confined to the posterior limb of the right internal capsule and the patient
described by Katayama and colleagues (1999) had a lesion in the isthmus of the right
posterior cingulum and the right lateral thalamus. Stroke was a common origin of
brain damage (62%); however, brain tumor, limbic encephalitis, heroin overdose, and
closed head TBI were also mentioned.

Path-based navigation impairment concerns patients who have difficulties with
recalling and/or acquiring information about the paths that connect locations. Many
patients have been shown to be unable to use spatial information for navigation
purposes. This inability is clearly reflected in their defective performance on tasks
that require them to find paths based on maps. In many cases, this type of navigation
impairmenthasaffected navigationinboth familiarand novel environments. Inventory
of neuropsychological profiles showed that path-based navigation impairment can
be accompanied by visual field defects and spatial learning problems. In contrast,
neglect and impairments in visuospatial perception and facial processing are rather
uncommon in combination with this type of navigation impairment. Neurologically,
it is primarily associated with right-sided brain damage, in particular to the temporal,
parietal and occipital areas. Further specification of the brain structures involved
was hindered by limited lesion descriptions, but it could be speculated that the right
hippocampus plays some role in path-based impairment in navigation ability.

Navigation impairment secondary to other conditions

Twelve patients reported in eleven papers also suffer from navigation problems. Their
navigation impairment should, however, be interpreted as secondary to other severe
conditions. These case reports will be discussed briefly below (see Table 4).

General spatial disorders

Eleven case reports concern patients who are, in addition to their navigation problems
in large-scale spaces, more generally impaired in their spatial cognition abilities. Such
spatial disorders result from conditions like unilateral neglect, deficits in visuospatial
perception, disorientation for place or an impaired egocentric reference frame.
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Unilateral neglect

Two papers have described patients with navigation difficulties asa direct consequence
of unilateral neglect. Two patients investigated by Bisiach and colleagues (1993)
showed problems with providing accurate route descriptions in case left turns were
involved. For example, patient A.S. (Bisiach et al., 1993) provided accurate route
descriptions, but she tended to become confused and to perform less accurately when
left turns were needed. The paper by Bisiach and colleagues (1993) is suggestive of a
preference for right turns being the origin of the navigation problems in their patients.
A similar pattern of results has been found for case 5 reported by Brain (1941).

Deficits in (visuospatial) perception

Reports on two patients indicate that severe deficits in (visuospatial) perception can
lead to navigation impairment. Lin and Pai (2000) have described a patient who,
after a stroke in the territory of the right posterior cerebral artery, felt unfamiliar in
surroundings that should have evoked familiarity and he was unable to find his way
around in the hospital ward during his hospitalization. Also, he could not provide
an accurate description of a highly familiar route. His navigation problems were
suggested to result from severe associative visual agnosia, which hindered him in
recognizing his surroundings.

The second report concerns a 28-year-old male who suffered from a brain abscess
in the right occipito-parietal region (Whitty & Newcombe, 1973). Although draining
and removal of the abscess led to successful treatment, the patient reported difficulties
regarding visuospatial perception and navigation. Formal testing of spatial perception
revealed a strong emphasis on details and a lack of holistic perception. The patient
used a similar approach for navigational purposes. He learned to use small detailed
landmarks (instead of salient cues such as buildings) to find his way around. Ten years
after the initial assessment, the patient recognized the ward and his previous room
by way of highly detailed features like a particular clock. Despite a lack of objective
evidence, this case history might still be informative given that impaired global
perception played a prominent role in the defective use of landmarks.

Disorientation for place

Fisher (1982) has described a 72-year-old man (case 1) who suffered from an ischemic
lesion in the right inferior parieto-occipital region. Initially, he was unaware of his
current place during his stay in the hospital (Boston). He changed his answer to
the question of his whereabouts nearly every day, which varied from places such as
Paris, China, and Africa. He thus had the erroneous belief of being located in another
place. In addition, he suffered from more general visuospatial deficits. Testing of his
environmental representations revealed that he could not draw an accurate map of his
house and he was unable to trace a familiar route on a map. In contrast, the directions
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he provided to his daughter to find some documents in his home were correct. Hence,
the primary problem of this patient appears to be a disturbance in orientation for place
rather than navigation impairment.

Global spatial disorientation

Five patients, reported in five papers, showed difficulties with spatial processing
notably extending the level of navigation in large-scale spaces (Hanley & Davies, 1995;
Kase et al., 1977; patient 2 in Levine et al., 198s5; Stark et al., 1996; Wilson et al., 2005).
All of these patients showed, at least to some extent, difficulties with locating objects
in space, while being able to name the objects correctly. When asked to reach for an
object or to describe the spatial relationships between two objects, they failed to do
so. Patient M.U., for example, could not complete any of the WAIS performance tasks,
as he was unable to adequately reach for or point to the test materials (Wilson et al.,
2005). The defective visuospatial behavior of two patients was also demonstrated by
the observation that, when they moved through space, they acted as if they were blind
(Kase et al., 1977; Levine et al., 1985). They walked around with their arms stretched
out to detect obstacles and, despite that, still bumped into objects on a regular basis.
Lastly, patients M.V.V. (Kase et al., 1977) and G.W. (Stark et al., 1996) showed severe
difficulties with positioning their body in space. When asked to lie down on a bed, for
instance, they were hardly able to position themselves in the correct orientation.

Given their severe global spatial disorientation, it is rather self-evident that
these five patients also experience serious difficulties with finding their way around.
Four patients were only cursorily assessed in their navigation abilities (Hanley &
Davies, 1995; Kase et al., 1977; Levine et al., 1985; Stark et al., 1996). In general, their
performance on tasks requiring them to describe familiar routes or draw maps of
familiar environments was very poor. A more elaborate and systematic investigation
of patient M.U. was undertaken by Wilson and colleagues (2005). They established
that the pattern of performance of M.U. could be explained by an impaired egocentric
reference frame. His inability to represent the locations of the landmarks in egocentric
coordinates hindered him in providing accurate directional information and route
descriptions, as these tasks rely heavily on an intact egocentric reference frame.

The five patients described above showed many similarities in their defective
spatial behavior and, based on the report by Wilson and colleagues (2005), it appears
that their navigation problems result from an impaired egocentric reference frame. A
further similarity is that four patients suffered from bilateral parietal lobe damage; no
lesion information was provided for Mr. Smith (Hanley & Davies, 1995).

Working memory impairment
Thereporton patientL.G.isunique in underlining the importance of working memory

for navigation (Ciaramelli, 2008). L.G., a 56-year-old male, suffered from a bilateral
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lesion to the ventromedial prefrontal and rostral anterior cingulate cortices following
a subarachnoid hemorrhagic stroke. After a few years of recovery, the only residual
problem concerned serious difficulty in finding his way around in his hometown.
Neuropsychological evaluation, however, revealed largely intact cognitive functions
except for low or impaired performances on working memory and cognitive flexibility
tasks. In addition, Ciaramelli observed L.G. while navigating between landmarks
in his hometown. She found that most of his failures were the result of going to a
location other than the intended goal destination. Upon arriving at the wrong location,
though, L.G. was able to mention the goal location and felt embarrassed. Further
systematic investigation of his navigation abilities revealed that L.G.’s navigation
problems resulted from an inability to actively maintain (the intention to reach) the
goal location in working memory. Interestingly, L.G.’s ability to process familiar
landmarks was intactand he was also accurate in providing directional information for
these landmarks. The case of L.G. thus shows that navigation ability can (indirectly)
be affected by deficits in cognitive functions such as working memory, despite the fact
that landmark processing is intact and spatial representations are preserved.

Remaining cases

The systematic literature search was designed to include all relevant case reports as
extensively as possible by requiring only a single objective navigation test for inclusion.
This liberal criterion led to the identification of five case reports (five papers), which
do not clearly fit into one or more of the categories described above. All five of these
reports have only used unspecific navigation tasks like map drawings and/or route
descriptions and no clear indications for the underlying nature of the navigation
impairment were provided. Hence, the case reports by Greene and colleagues (2006),
Maeshima and colleagues (2001), Nyffeler and colleagues (2005), and Teng and Squire
(1999) could not be classified according to the model reported in this paper. Also, no
classification was possible based on the performance pattern of patient 3 reported by
Takahashi and colleagues (1997). Lastly, the report by Carelli and colleagues (2009)
only provided limited information about the administered tasks and the performance
of the patient, which also hindered classification.

DISCUSSION

Neuropsychological case studies on patients with navigation problems provide a
powerful approach to studying the neurocognitive architecture of navigation ability.
These individual patterns of intact and impaired navigation performance can be
analyzed to identify whether distinct types of navigation impairments exist. The
most recent publication providing such an interpretation and synthesis of types of
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navigation impairments was published in 1999 by Aguirre and D’Esposito. Since
many case studies on individuals with navigation problems have been added to the
literature in the meantime, it appears high time for an update. The current review
thus made an up-to-date inventory of all relevant case studies on navigation ability
published to date (last literature search: October 2015). To improve quality and
replicability of this inventory, a systematic literature search was applied. Individual
patterns of navigation impairment were carefully analyzed to give an interpretation of
the distinct types of navigation impairments that have been reported so far.

Three main categories of navigation impairment

This review reveals three main categories of navigation impairments as summarized
in Figure 2. “Landmark-based navigation impairment” relates to difficulties with
recognizing landmarks in familiar environments and/or in acquiring information
about landmarks in novel environments. Patients with “location-based navigation
impairment” show problems with recall of location knowledge for familiar
environments and/or in learning this information for novel environments. Lastly,
“path-based navigation impairment” concerns navigation problems resulting from
defective recall of paths in familiar environments and/or in acquiring information
about paths in novel environments. These main categories of navigation impairments
represent the ‘what’, ‘where’, and ‘how’ of navigational knowledge, that is, landmark,
location, and path knowledge respectively. These categories are clearly dissociable,
but not necessarily exclusive as some patients suffer from more than one type of
navigation impairment.

Landmark-based navigation impairment

Patients with landmark-based navigation impairment have problems with landmark
processing in common. A further subdivision shows that a deficit in landmark
processing can broadly affect navigation in both familiar and novel environments
or can be confined to novel environments. Inventory of neuropsychological profiles
revealed that landmark-based navigation impairment is likely to be accompanied
by visual field cuts and defective spatial learning. Higher visuospatial perception is
usually intact and problems in facial processing do not necessarily accompany this
type of navigation impairment. Many patients suffered from damage to the right
temporal and/or occipital lobe regularly involving the hippocampus. A comparison
between lesion locations of patients with a broad landmark processing deficit and
patients with landmark problems in novel environments alone reveals an interesting
finding. Lesions of many patients in the latter group were restricted to areas in the
right medial temporal lobe. The lesions in patients with a broad deficit often extend
into the right occipital lobe, for instance damaging the lingual gyrus.
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The above findings are in line with neurocognitive studies into landmark and
scene processing. The parahippocampal place area (PPA), a functionally defined area
encompassing the posterior parahippocampal cortexand the anterior lingual gyrus, has
been associated with the processing of complex visual scenes (Epstein & Kanwisher,
1998) and the encoding of landmarks (i.e., objects with navigational relevance; Janzen
& Jansen, 2010; Janzen & van Turennout, 2004). Epstein (2008, 2014) has recently
suggested that the PPA consists of two functionally distinct areas. While its posterior
part might be mainly engaged in the encoding of the visual properties of scenes, the
anterior PPA appears to play an important role in the processing of the spatial layout of
scenes and spatial memory more generally (e.g., Buffalo et al., 2006). This functional
distinction is further supported by anatomical evidence (Baldassano et al., 2013), that
is, the posterior PPA holds strong connections with visual areas, whereas the anterior
PPA is strongly connected to the retrosplenial complex and the parietal lobe. This leads
to the speculation that damage to the posterior PPA would cause difficulties with
landmarks in general, whereas damage to the anterior part of the PPA would result
in difficulties with unfamiliar landmarks (Epstein, 2014). This speculation accords
with our subdivision of broad landmark problems and landmark problems in novel
environments alone, as well as the associated lesion locations.

Location-based navigation impairment

Patients with location-based navigation impairment suffer from defective recall or
acquisition of location knowledge. They are unable to indicate the correct direction
from one location to another. It has implicitly been suggested that defective egocentric
(Morganti et al., 2008; Ruggiero et al., 2014) or allocentric spatial memory (N. Burgess
etal., 2006) underlie this type of navigation impairment. Two reports have implicated
a role for egocentric updating in the acquisition of location knowledge (patient 2 by
Habib & Sirigu, 1987; Ino et al., 2007). That is, the ability to adequately integrate
paths might be vital for building a representation of the interrelationships between
locations. Patients with location-based navigation impairment can suffer from visual
field defects and impaired spatial learning is common. Inventory of lesion locations
indicated that the right temporal, parietal or occipital areas were often damaged. In
contrast to the landmark-based category, there is more involvement of right parietal
areas in location-based problems. The lesion location analysis further tentatively
suggests that the right retrosplenial area and parahippocampal gyrus might play arole
in this category of navigation impairment.

Based on the case reports of patients with location-based navigation impairment
as described in this review, it thus appears that both egocentric and allocentric spatial
memory contribute to knowledge of locations. This might lead to the speculation
that the underlying deficit in location-based navigation impairment relates to the
translation processes between egocentric and allocentric representations, rather
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than one or the other type of representation. From a neurocognitive perspective,
allocentric processing has been associated with the right medial temporal lobe and
the hippocampus in particular, while egocentric processing has been coupled to the
right parietal areas and, more specifically, the precuneus (Ciaramelli et al., 2010;
Vogeley & Fink, 2003). In addition, it has been argued that the right retrosplenial
cortex is responsible for the processes that allow egocentric representations to be
translated into allocentric representations (Byrne et al., 2007). Thus, there appears to
be an overlap in the brain areas associated with egocentric and allocentric processing
and their interaction, on the one hand, and the brain areas that have been implicated
in location-based navigation impairment, on the other hand. Future research is,
however, needed to verify this speculation.

Path-based navigation impairment

The category of path-based navigation impairment is comprised of patients who have
problems related to the paths that connect locations. This concerns the recall of these
paths in familiar environments and/or acquisition of this type of knowledge for new
environments. It should be emphasized that their deficits encompass aspects of both
route and survey knowledge (Montello, 1998) related to these paths. Their problems
might, for example, concern the fine-grained structure of paths (Maguire etal., 2006)
or affect selective aspects of route knowledge, such as the order in which landmarks
occur along a route (Morganti et al., 2008; van der Ham et al.,, 2010). Many of the
patients in this category further share difficulties with using maps. This results from
an inability to interpret the metric structure of paths, which is clearly related to survey
knowledge. This type of navigation impairment is regularly accompanied by visual
field defects and impaired spatial learning. Analysis of lesion locations implicates the
right-side of the brain and the temporal, parietal or occipital lobes in particular in
path-based navigation impairment. As regards specific brain structures, only the right
hippocampus was found to be damaged in more than one patient. This unspecific
pattern of neural correlates is most likely related to the fact that path-based navigation
impairment includes various types of selective deficits. As mentioned, this type of
navigation impairment can result from problems with regard to concrete information
related to paths, such as place-actions associations and order knowledge, as well as
more abstract information, such as the length of paths or its metrical structure.
Further research is clearly needed to unravel the lesion locations associated with these
possible subcategories.
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From a conceptual viewpoint, this category of navigation impairment is clearly
the most complex one. That is, many types of path characteristics can be linked to
path knowledge: among many other things, sequences of landmarks or locations,
associations between places and actions, and the metrical structure of paths. The
complex nature of the concept of path knowledge is also reflected in the fMRI
literature on this topic showing widespread involvement of brain networks in the
temporal, parietal, and occipital areas. Knowledge of landmark order, for instance,
has been coupled to activation in the (para)hippocampus (e.g., Ekstrom et al., 2011;
Maguire etal., 1997), but more widespread activation in an occipito-temporal network
in a landmark ordering task has also been reported (Nemmi, Piras et al.,, 2013). As
another example, response learning (i.e., learning to perform a particular action at a
particular location) has been linked to activation of the caudate nucleus (Doeller et
al., 2008; Iaria et al., 2003; Marchette et al., 2011) and the parietal cortex might be
involved as well. Hence, the complexity of path knowledge is clearly reflected in both
neuropsychological studies and in the fMRI literature.

Implications

The current model describes three main categories of navigation impairments directly
related to three types of representations that support adequate navigation behavior.
Navigation requires knowledge of landmarks (‘what’), locations (‘where’), and
paths (‘how’). As such, the model has important implications for the assessment of
navigation impairment. Assessment of navigation ability should at least include tests
for landmark, location, and path knowledge. Equivalent tests for each representation
type should be administered based on both familiar and novel environments. This
allows one to verify what type(s) of representation is/are affected and to establish
whether these problems arise from difficulties in recall and /or encoding of a particular
type of navigational knowledge. Impaired navigation ability confined to familiar
environments alone has never been reported.

This review also gives rise to methodological improvements for enhancing the
quality of neuropsychological case reports into navigation impairment. Case reports
were included in the review when at least one large-scale navigation task was used
to objectively establish the navigation impairment. This criterion was applied in
a liberal manner. Ad-hoc tests, for instance, were considered sufficient to allow
inclusion. Nonetheless, some well-known and very recent case reports that only
rely on anecdotal information were not taken into account. As this review shows,
navigation impairment is frequently but not invariably accompanied by impaired
performance on spatial learning tasks. This finding clearly underlines that navigation
ability is a unique cognitive domain, which calls for use of large-scale navigation tasks.
In several case reports, navigation problems could only be established based on large-
scale navigation tasks as opposed to standard neuropsychological small-scale spatial
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tasks (see e.g., Incisa della Rocchetta et al., 1996; van der Ham etal., 2010; Whiteley &
Warrington, 1978). This clearly accords with studies indicating that small-scale spatial
tasks, such as the Corsi Block-Tapping Task and the Rey Complex Figure Test, are no
reliable predictors of navigation performance (e.g., Nadolne & Stringer, 2001; van der
Ham etal., 2010). In fact, it has been shown that performance on small-scale and large-
scale spatial learning tasks can be dissociated in brain-damaged patients (Piccardi et
al., 2010, 2011), and rely on neural circuits that are partly independent (Nemmi, Boccia
et al., 2013). All of these findings clearly highlight the necessity of using large-scale
spatial tasks to assess navigation ability.

Inclusion of a case report in the current review, on the other hand, should not
be interpreted as a direct indication of high methodological quality. First, many case
studies did not systematically verify the navigation abilities of their patients in both
familiar and novel environments. Furthermore, many of the selected case reports
lacked adequate statistical comparisons of the patient’s performances with that of a
healthy control group or lacked the use of a healthy control group at all. Given that
navigation is an ability with pronounced individual differences, the lack of a healthy
control group might bias, for example, the interpretation of a patient’s performance
on ad-hoc navigation tasks. In addition, statistical programs specially intended for
use in case studies are freely available and its use in the field of navigation ability is
highly encouraged (McIntosh & Brooks, 2011). Some researchers have even reported
scoring procedures to allow comparing a patient’s performance to that of a healthy
control group on tests for familiar environments, which, of course, highly differ
across participants (see for example Herdman et al., 2015). Given all of the above, we
strongly advocate the use of a healthy control group, single case statistical procedures,
and objective scoring systems in future case studies on navigation impairment. This
would, in our view, lead to major improvements in the methodological quality and
validity of case studies on navigation impairment. In the current review, we choose
not to exclude relevant case studies that lacked the use of a healthy control group,
because this would have led to a highly selective and biased set of case studies on
navigation impairment.

A further comment concerns the use of map drawing and route description
tasks to establish navigation impairment. Many case reports have verified map
drawing performance and have mainly used it as an indication of intact or impaired
allocentric place representations. It has been stressed, however, that the cognitive
mechanisms supporting map drawing and route descriptions are poorly understood
(Aguirre & D’Esposito, 1999; Pick, 1993). In addition, accurate map drawings and
route descriptions can be accomplished by different strategies. Defective performance
on map drawing and route description tasks might thus be limited in providing
reliable information about the origin of navigation impairment. As arises from this
review, both patients with location-based and patients with path-based navigation
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impairmentare expected to fail at map drawing. Itis thus recommended to administer
these tasks in combination with tasks that explicitly address landmark, location, and
path knowledge.

Limitations

The current review made use of a systematic literature search that followed the
guidelines of Preferred Reporting Items for Systematic Reviews and Meta Analyses
(PRISMA). Such a procedure clearly favors both the quality and replicability of the
inventory of the relevant neuropsychological case studies on navigation ability as
provided here. Nonetheless, two potential limitations should be considered. First,
a relatively high number of potentially relevant case reports were identified, after
the systematic literature search had already been completed, by way of manually
screening the reference lists of selected studies. This approach led to the identification
of an additional set of 38 potentially relevant papers. Closer analysis revealed that,
within this set, ten papers used the term “topographic disorientation” instead of
“topographical disorientation”. As the former term was not included in the search
terms, these ten papers were not identified in the database search. Analysis of the
remaining papers did not indicate that relevant terms were missed. We would like
to stress here that the field of navigation ability lacks uniformity in its terminology,
which might negatively affect systematic attempts of literature review as well as
(theoretical) progress with regard to this topic.

A further limitation of this review mightlie in the fact that the PRISMA guidelines
could not be applied to guide the data extraction process. Researchers who conducted
neuropsychological case studies on navigation ability have made use of a wide variety
of small-scale and large-scale spatial tasks. Given this variability in the measures used
to establish navigation impairment, an inventory of all spatial tasks was made. The
next step was to classify the tasks based on their content. It was then established, for
each selected patient, whether his/her performance within each task domain was
intact, impaired or untested. The interpretation of these data resulted in the categories
of navigation impairments that have been described in this review. Thus, the approach
taken here is not supported by statistical analyses and is reliant on our interpretation
of the performance patterns.

Associations with other neuropsychological and neurological conditions

Up to this point, we have mainly discussed our findings in the light of the case study
literature on navigation impairment. There are, however, several issues that should
be considered in a broader neuropsychological context. Firstly, based on the selected
case reports in this review, it appears that visual field defects are relatively common
in combination with all three types of navigation impairment as described here (41—
54%).Itcan, of course, be argued that the presence of a visual field defect would prevent
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or hinder one from perceiving part of his or her surroundings, landmarks for example,
but this seems to be only an incomplete explanation for problems with navigation.
The association between navigation impairment and visual field defects has never
been studied in a systematic manner, however, it most likely results from the fact
that the primary visual areas as well as the brain areas mediating navigation ability
depend on blood supply through the posterior cerebral arteries (PCA; Busigny et al.,
2014). We also analyzed the prevalence of neglect in the selected case reports. While
clinical observations appear to point towards a clear association between neglect
and navigation impairment (Guariglia et al., 2005), our analysis showed that neglect
occurred relatively rarely in combination with any of the three types of navigation
impairment (8-15%). Guariglia and colleagues (2005) have suggested that it is helpful
to differentiate between perceptual neglect (i.e., the inability to perceive left-sided
stimuli) and representational neglect (i.e., the inability to describe, depending on the
imagined viewpoint, landmarks on the left side of a familiar place from memory).
While navigation impairment can occur along with perceptual neglect (e.g., due to a
deficitin pathintegration; see De Nigris etal., 2013), itis more common in patients with
representational neglect (Guariglia etal., 2005), which is a disorder of mental imagery.
Importantly, the navigation problems of patients with representational neglect do
not only concern the processing of mental images of landmarks on the contralesional
side, but also more broadly affect the ability to create and use mental representations
of the environment (Palermo et al., 2012). These findings provide a good explanation
for the weak association between navigation impairment and neglect in this review,
as most cases were only tested for perceptual and not for representational neglect or
mental imagery. The co-occurrence of navigation impairment and representational
neglect (Guariglia et al., 2005; Palermo et al., 2012, Piccardi et al., 2008), however,
clearly accords with models that have assigned an important role for mental imagery
in spatial memory (Byrne etal., 2007) and navigation ability (Brunsdon etal., 2007).

CONCLUSION

Systematic inventory of neuropsychological case studies investigating the nature of
navigation impairment has led to the identification of three main types of underlying
deficits. Navigation impairment can be classified into defects of landmark, location
and path knowledge (see Figure 2). These deficits can affect navigation in familiar and
novel environments or in novel environments only. This model has directimplications
for the theory of the neurocognitive organization of navigation ability by revealing
dissociations between landmark, location, and path knowledge. Also, it provides
suggestions for guiding assessment and treatment of navigation-related problems in
neurological patients. The assessment procedure should preferably include tests for
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landmark, location and path knowledge based on familiar and novel environments.
Moreover, this paper indicates that the methodological quality of neuropsychological
case reports on navigation impairment can be improved by using appropriate large-
scale navigation tasks and by comparing the case’s performance to that of healthy
controls. Specific statistical programs for case studies have been developed to deal
with the fact that control groups usually contain only few participants. To conclude,
the current review has provided a model that allows navigation impairment to be
classified into three main types, which will be of great value to both theoretical and
clinical approaches to the study of navigation ability.

Appendix A: Electronic search strategies

Database Search strategy

PubMed ((((((((route learning[Title/Abstract]) OR wayfinding[Title/Abstract]) OR spatial
orientation[Title/Abstract]) OR spatial disorientation[Title/Abstract]) OR spa-
tial navigation*[Title/Abstract]) OR navigation impairment[Title/Abstract]) OR
topographical disorientation[Title/Abstract]) OR topographical agnosia[Title/
Abstract]) OR topographical amnesia[Title/Abstract]) OR spatial disorienta-
tion[Title/Abstract]) OR topographical memory[Title/Abstract]) AND ((((case*[Ti-
tle/Abstract]) OR case study[Title/Abstract]) OR patient[Title/Abstract]) OR
patients[Title/Abstract]) OR impair*[Title/Abstract])

Filters applied: English, Human

No limitation on publication date

Web of Science (“route learning” OR wayfinding OR “spatial orientation” OR “spatial disori-
entation” OR “spatial navigation” OR “spatial navigational” OR “navigation
impairment” OR “topographical disorientation” OR “topographical agnosia”
OR "topographical amnesia” OR “spatial disorientation” OR “topographical
memory”) AND (case$ OR case study OR patient OR patients OR impair*)

Filter applied: English

No limitation on publication date
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CHAPTER 3

ABSTRACT

Objective: In current stroke care, cognitive problems are usually diagnosed in a
stepwise manner. More specifically, screening instruments are first applied to support
healthcare professionals in deciding whether a second step (an extensive assessment)
would be appropriate. None of the existing screening instruments, however, takes
navigation ability into account. This is problematic, as navigation impairment
after stroke has been shown to be common, more so than previously thought. The
Wayfinding Questionnaire (WQ) is therefore presented as a screening instrument
for navigation-related complaints after stroke. The internal validity of the WQ was
investigated in two samples of participants to establish the final version.

Method and Results: In Study 1, the WQ was administered in a representative sample
of 356 healthy participants. Its factor structure was investigated using a principal
component analysis. This procedure resulted in deletion of four items and revealed

EEINNTS

a three-factor structure: “Navigation and Orientation,” “Spatial Anxiety,” and
“Distance Estimation”. In Study 2, a confirmatory analysis was performed to directly
verify the factor structure as obtained in Study 1 based on data of 158 chronic mild
stroke patients. Fit indices of the confirmatory analysis indicated acceptable model
fit. The reliability of the three subscales was found to be very good in both healthy
participants and patients.

Conclusions: These studies allowed us to determine the final version of the WQ. The
results indicated that the WQ is an internally valid and reliable instrument that can
be interpreted using a three-factor structure in both healthy respondents and chronic

mild stroke patients.
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INTRODUCTION

In the past decades, the neuropsychological literature has consistently reported that
cognitive impairment is commonly observed after stroke and might affect up to
50% of stroke patients (e.g., Duits, Munnecom, van Heugten, & van Oostenbrugge,
2008). This finding is reason for concern, as the presence of cognitive impairment has
been associated with a negative influence on the outcome as well as with significant
functional problems in daily life (e.g., Galski, Bruno, Zorowitz, & Walker, 1993; Zinn
etal.,, 2004). It is thus vitally important to adequately assess cognitive problems after
stroke, given that the information obtained from the assessment can contribute to
the rehabilitation treatment, for instance in establishing the treatment strategy or
in providing advice to patients and their caregivers (Duits et al., 2008). It should,
however, also be noted that an extensive cognitive assessment is a rather costly and
time-consuming procedure that might not be required for all stroke patients.

To achieve efficiency in stroke care, cognitive problems in stroke patients are
usually assessed in two stages. Screening instruments are applied in the first stage to
obtain an indication of the cognitive complaints that patients have. These instruments
are meant to support healthcare professionals in deciding whether or not it would
be advisable to refer a patient for a detailed cognitive assessment (i.e., for the second
assessment stage). As an example of such a screening instrument, the CLCE-24 has
been developed as a checklist for the detection of cognitive and emotional problems
after stroke and is suitable to be used by healthcare professionals other than the trained
(neuro)psychologist (van Heugten, Rasquin, Winkens, Beusmans, & Verhey, 2007).
Obviously, screening instruments are intended to be quick to administer, low in costs
and require limited effort of the patient.

Screening instruments, such as the CLCE-24, cover a broad range of cognitive
domains to be as sensitive as possible to cognitive complaints that are known to be
common after stroke. None of the existing screening instruments, however, takes
into account the ability to navigate. This is striking, as adequate navigation ability is
crucial for engaging in the instrumental daily life activities that allow for independent
functioning in the community (McCusker, Bellavance, Cardin, & Belzile, 1999). For
instance, we usually drive from home to the office in the morning. At the end of the
day, we have to stop by the supermarket to buy the ingredients for dinner on the way
home and we might go out to visita friend who lives in another part of the city in the
evening. People are thus required to find their way around to be able to participate in
such activities.

A series of recentgroup and case studies has convincingly shown thatbrain damage
resulting from stroke may have detrimental effects on the ability to navigate (e.g.,
Busigny etal., 2014; Claessen, Visser-Meily, de Rooij, Postma, & van der Ham, 2016a;
Ino et al., 2007; Mendez & Cherrier, 2003; van Asselen, Kessels et al., 2006; van der
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Ham et al., 2010). Using self-report measures, it has even been found that complaints
about the ability to navigate are relatively common after mild stroke (+ 29%; van der
Ham etal., 2013). All of these findings indicate that navigation ability might generally
be neglected in stroke care, given the fact that adequate screening instruments for
the detection of complaints about navigation impairment are currently lacking. The
goal of the current paper is therefore to present a short but comprehensive self-report
screening instrument of navigation-related complaints that can be used in clinical
practice to decide whether formal testing of navigation ability is appropriate. If so,
an objective navigation test could be applied to determine the presence and severity
of the navigation impairment (see for various examples: Arnold et al., 2013; Barrash,
Damasio, Adolphs, & Tranel, 2000; Claessen, Visser-Meily, de Rooij et al., 2016a;
Maguire, Burke, Phillips, & Staunton, 1996).

The Wayfinding Questionnaire (WQ), as presented by van der Ham, Kant, Postma,
and Visser-Meily (2013), appears to be the perfect starting point for the development
of a screening instrument of navigation-related complaints. Although the WQ has
been used as a self-report instrument of navigation ability in mild stroke patients
before, it has not yet been investigated in terms of its psychometric properties. The
W Q was initially designed to account for the cognitive complexity that characterizes
navigation behavior (Brunsdon, Nickels, & Coltheart, 2007; Wiener, Blichner, &
Holscher, 2009; Wolbers & Hegarty, 2010) and therefore includes items concerning
navigation (strategy), mental transformation, distance estimation, orientation, and
sense of direction (see Table 1). Moreover, the WQ also takes the emotional aspects
of navigation behavior, thatis, “spatial anxiety”, into account. Spatial anxiety denotes
anxious feelings related to performing navigation tasks (Lawton, 1994, 1996) and
worrying about getting lost (Schmitz, 1997). Spatial anxiety is a highly relevant
concept in the context of navigation, as higher levels have been associated with less
adequate and efficient navigation behavior (Walkowiak, Foulsham, & Eardley, 2015).

To summarize, our purpose was to investigate the psychometric properties of the
WQ (van der Ham etal., 2013) with the aim to establish itas a short but comprehensive
screening instrument for navigation-related complaints after stroke. As such, the WQ
could help healthcare professionals in determining whether or not objective testing
of navigation ability is warranted. As a first step in the validation process, the WQ
was submitted to a careful analysis of its internal validity (i.e., factor structure and
reliability) in a series of two studies in the current paper.
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STUDY 1: FACTOR STRUCTURE AND RELIABILITY OF THE WQ
IN A HEALTHY SAMPLE

METHOD

Participants

In this study, data of 356 healthy participants (185 female, 52%) with a mean age of
48.0 years (SD = 11.2; range = 18-87) were used for analysis. The majority of these
data were extracted from databases of a number of other experiments (manuscripts
in preparation) in which we had asked healthy people to complete the WQ.
Furthermore, the remaining participants were recruited specifically for this study
by the experimenters in several ways (e.g., via social media, word of mouth, and our
acquaintances). Their mean educational level was 5.8 (SD =1.0; range = 2—7) based on
the classification system by Verhage (196 4; possible range: 1= ‘primary level education’
to 7 = ‘finished university level education’). The assessment of the WQ was performed
manually (paper-and-pencil) or digitally after the participant had signed an informed
consent form. The study procedures satisfied the regulations as set by the local ethical
review board and the Helsinki Declaration.

The Wayfinding Questionnaire
The WQ contains the 26 items as displayed in Table 1 (van der Ham et al., 2013). The
26 items (in Dutch) were manually selected from a more extensive questionnaire
(Bosch & Postma, unpublished thesis) consisting of 106 items. The construction of
this extensive questionnaire was based on literature review of all domains relevant
to general spatial ability. With the literature in mind, six domains were identified
as relevant to general spatial ability: mental transformation, mental imagery, angle/
distance estimation, orientation ability, navigational strategies, and spatial anxiety.
In the next step, items were adapted from existing questionnaires (e.g., Blajenkova,
Kozhevnikov, & Motes, 2006; Hegarty, Montello, Richardson, Ishikawa, & Lovelace,
2006; Hegarty, Richardson, Montello, Lovelace, Subbiah, 2002; Lawton, 1994;
Lawton & Kallai, 2002; Pazzaglia, Cornoldi, & De Beni, 2000; Schmitz, 1997) or
newly developed to cover the six domains that were judged to be relevant to spatial
ability. The selection of items for inclusion in the WQ was based on whether the item
addressed large-scale spatial ability and not on the theoretical construct it covered.
Further expert and non-expert review was conducted to ensure clarity of the items.
Based on this approach, no constraints are likely to be imposed on the latent factors
of the WQ.

Theselected 26 items concerned questions aboutnavigation (e.g., “Ican effortlessly
walk back a route I have never walked before, the same way I walked up”), orientation
(e.g., “I can orient myself well”), mental transformation (e.g., “While reading a map,
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I constantly turn the map into the direction that I am going”), distance estimation
(e.g., “I am good at estimating distances (e.g., from myself to a building I can see)”),
and sense of direction (e.g., “I have a good sense of direction”). A number of items
on spatial anxiety (e.g., “I am afraid to lose my way somewhere”) were also included.
Items were formulated as statements and could be answered on a 7-point Likert scale,
ranging from 1 (“not applicable to me at all”) to 7 (“totally applicable to me”). Items
14,15, and 16, however, were formulated as questions and scores of 1 to 7 represented
“not uncomfortable at all” to “very uncomfortable,” respectively. With the exception
of Item 5 and the spatial anxiety items, the WQ-items were stated such that a higher
score would reflect higher navigation ability.

Statistical analysis

Scores of Item 5 and the spatial anxiety items (Items 10-17) were reversed, such thata
high score reflected high ability and low anxiety. Subsequently, descriptive statistics
and skewness values were calculated. Skewness was considered to be present if this
measure was below —1.0 or above +1.0.

A factor analysis (i.e., principal component analysis; PCA) was then conducted on
the questionnaire scores. This is a common approach to reveal the underlying domain
structure and verify item redundancy (Pett, Lackey, & Sullivan, 2003). Prior to the
actual analysis, data appropriateness for this statistical procedure was established
by addressing the correlation matrix using the following criteria. Firstly, mean
correlations between items should be >0.30 and <0.80. The Kaiser-Meyer-Olkin
(KMO) statistic as a sample adequacy measure for factor analysis should exceed .70
(Hutcheson & Sofroniou, 1999) and individual KMO statistics should also be >0.70.
Lastly, Barlett’s test of sphericity should be significant (p < .05), to indicate that the
correlations between the items are sufficiently large for factor analysis.

The actual PCA was then applied to reveal the underlying factor structure of the
W Q. The number of factors was determined based on the eigenvalues; factors with an
eigenvalue higher than 1.0 were retained. The proposed factor structure was exposed
to an oblique (oblimin) rotation to facilitate factor interpretation. An oblique rotation
technique was used to allow factors to be correlated, as the WQ-items measured
differentaspects of the concept of navigation ability but not concepts thatare expected
to be unrelated. Factor loadings of >0.40 were defined as reflecting a meaningful
relationship between the particular item and a given factor.

The reliability of the questionnaire was assessed by calculating the internal
consistency (Cronbach’s a) of the subscales. Reliability scores between o.70 and
0.80 are interpreted as good, whereas scores above 0.80 reflect very good reliability
(DeVellis, 1991). However, reliability scores exceeding 0.95 might indicate item
redundancy (Terwee etal., 2007). Internal consistency was also assessed by correlating
the mean scores on the subscales with the other subscales and the mean total score.
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Lastly, the relationship between subscale scores and three demographical variables
were investigated: gender (independent t-tests), age, and educational level (Pearson
correlations). Alpha level was set to 0.05. The statistical procedures were conducted
using IBM SPSS Statistics version 22.

RESULTS AND DISCUSSION

Descriptives of the WQ
Descriptive statistics of the WQ are provided in Table 1. None of the items suffered
from substantial skewness (only Items 4 and 17 slightly exceeded the value of -1.0).

Factor analysis

Mean inter-item correlations ranged from 0.20 to 0.54, but only the mean inter-item
correlation of Item 5 did not reach the criterion of >0.30. The KMO measure of sample
adequacy was 0.945; very good and well above the criterion of >0.70. Individual KMO
values of sampling adequacy ranged from 0.890 to 0.975. Barlett’s test of sphericity
was significant, x* (325) = 6912.09, p < .001, indicating that the correlations between
the items were sufficiently high for PCA. Given the above, Item 5 was removed from
further analyses.

The PCA was conducted on the remainder of the WQ-items. Three factors with
an eigenvalue higher than 1.0 were retained, commonly explaining 62.5% of the
variance. The initial factor structure was subjected to an oblimin rotation to facilitate
factor interpretability. Table 2 displays the factor loadings of the WQ-items on the
rotated three-factor structure. No items showed substantial cross-loadings (i.e., all
items loaded above 0.40 on a single factor), which further supports the validity of
the three-factor structure. The first factor (“Navigation and Orientation”) consisted
of fourteen items addressing several cognitive aspects of navigation ability, such as
pointing ability (e.g., Item 2), orientation (e.g., [tem 8), and sense of direction (e.g.,
Item 25). All spatial anxiety items loaded on the second factor (“Spatial Anxiety”).
Lastly, three items addressing estimation of distances commonly loaded on the third
factor (“Distance Estimation”).
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Reliability analysis (internal consistency)

Cronbach’s a was found to be very high (0.922) for the Spatial Anxiety subscale (8
items) as well as for the three items of the Distance Estimation subscale (Cronbach’s
o = 0.830). Cronbach’s a of the Navigation and Orientation subscale was also very
high (0.947), but such a high Cronbach’s a-value (i.e., around or exceeding 0.95)
may indicate item redundancy within the scale. Therefore, Pearson correlations were
calculated between Navigation and Orientation items and we screened for correlations
higher than 0.80. Correlations between three item-pairs exceeded this criterion: Item
1and 2 (0.842), Item 8 and 25 (0.803) and Item 20 and 25 (0.834). Consequently, Items
1,20, and 25 were removed. Item 1 was removed because of its conceptual similarity to
Item 18. In respect of the other two pairs, Items 8, 20, and 25 were conceptually very
similar (i.e., orientation and sense of direction). Item 8 was retained because it had
the lowest skewness value. Cronbach’s a had now slightly decreased to 0.921. Internal
consistency was still very high, but no longer approaching 0.9s. Therefore, 11 items
were retained in the Navigation and Orientation subscale.

Further assessment of internal consistency revealed significant weak to moderate
correlations between mean subscale scores: Navigation and Orientation and Distance
Estimation (r = 0.648, p < .001), Navigation and Orientation and Spatial Anxiety
(r=0.510, p <.001) and Distance Estimation and Spatial Anxiety (r = 0.382, p <.001).
Subscale scores were also strongly and significantly correlated with the total score:
Navigation and Orientation (r = 0.867, p < .001), Spatial Anxiety (r = 0.774, p <.001)
and Distance Estimation (r = 0.824, p <.001).

Relationship with demographical variables

Women scored lower on all three WQ-subscales than men (see Table 3). Because
equality of variances could not be guaranteed for the subscales Navigation and
Orientation and Distance Estimation (Levene’s test: both p’s < .001), corrections of
degrees of freedom were applied to these tests. Subscale scores were not related to age
and educational level, except for two weak positive correlations between Navigation
and Orientation and age (r = 0.132, p = .013) and Spatial Anxiety and educational level
(r=0.156, p=.003).
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Table 3. Comparison of the mean scores on the three WQ-subscales scores for
female and male healthy participants.

Females Males
Subscale t-value p-value  Effect-size r
(n=185) (n=171)
Navigation and Orientation 4.49 (1.31) 5.35(1.02) -6.97 <.001 0.35
Spatial Anxiety 4.58 (1.38) 5.44 (1.23) -6.18 <.001 0.31
Distance Estimation 3.78 (1.37) 5.15(0.93) -11.11 < .001 0.52

Note. Standard deviations are displayed between parentheses. Scores on the Spatial
Anxiety scale were reversed such that high values represent lower spatial anxiety and
thus higher navigation ability.

Interim summary of Study 1

Theinternal validity of the WQ was verified in alarge group of healthy people. The final
version comprised 22 of the original 26 items, divided over three subscales: Navigation
and Orientation (11 items), Spatial Anxiety (8 items), and Distance Estimation
(3 items). All subscales were characterized by very good internal consistency, weakly
to moderately correlated to the other subscales, and strongly related to the total
WQ-score.

STUDY 2: CONFIRMATORY FACTOR ANALYSIS OF THE WQ IN
MILD STROKE PATIENTS

METHOD

Participants, Materials, and Procedure

Participants were chronic mild stroke patients who had visited the rehabilitation
clinic of De Hoogstraat Revalidatie or the rehabilitation department of the University
Medical Center Utrecht (Utrecht, the Netherlands) between 2007 and 2012. These
inclusion criteria were applied: first or recurrent stroke, age 18 years or older, at least
six months since first stroke event, and living at home after rehabilitation. Reasons for
exclusion from participation in the study were the following: unable to communicate
in Dutch, severe global aphasia, and severe mobility problems (i.e., patients had to
be able to walk or bike outside without supervision). In total, 158 patients agreed to
participate (by signing an informed consent form) and were sent and requested to
complete the 26-item-version of the WQ (see Study 1). The patient group (64 female;
40.5%) had a mean age of 60.1 years (SD =13.1, range = 22—96). Further breakdown of
participants into age categories reveals the distribution as presented in Figure 1. Mean
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educational level in the patient sample was 5.2 (SD = 1.4, range = 2—7; Verhage, 1964).
Stroke characteristics are presented in Table 4. Time since the most recent stroke event
was 40.5 months on average (SD = 25.6, range = 5-195). This information was available
for 140 patients. The study protocol complied with the Helsinki Declaration and was
approved by the medical ethical committee of the University Medical Center Utrecht
(no.12-198).

Table 4. Stroke characteristics (type and location) of the patient group (n = 158).

n (%)
Stroke type
Ischemic stroke 110 (69.6%)
Hemorrhagic stroke
- Intracerebral 27 (17.1%)
- Subarachnoid 4 (2.5%)
Missing 17 (10.8%)
Stroke location
Supratentorial region
- Left 64 (40.5%)
- Right 53 (33.5%)
- Bilateral 2(1.3%)
Infratentorial region
- Left 8 (5.1%)
- Right 3(1.9%)
- Bilateral 9 (5.7%)
Missing 19 (12.0%)

Note. Patients are classified based on the stroke characteristics of their first stroke event.
Twelve patients (7.6%) suffered from two stroke events; three patients (1.9%) suffered

from three stroke events.
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Figure 1. Distribution of mild stroke patients over age categories.

Statistical analysis

Only the 22 items of the validated version of the WQ (see Study 1) were taken into
account in this study. The spatial anxiety items (Items 10-17) were reversed, such
that a high score reflects high ability and low anxiety. Eight missing scores due to
ambiguous responding (0.2% of the total number of data points) were substituted
with the patient’s median score. The missing scores occurred in six patients (3.8% of
the total sample), more specifically, four patients had one and two patients had two
missing scores.

A confirmatory factor analysis (CFA - a structural equation modeling approach)
was applied to verify the three-factor structure of the WQ as found in healthy
participants (see Study 1) in chronic mild stroke patients. This technique enables
testing the model fit of a dataset to a specific factor structure of observed (or manifest)
and underlying latent variables and to directly compare the model fit with alternative
factor structure models.

This statistical procedure was undertaken using the IBM SPSS Amos software
(Arbuckle, 2013). This program applies maximum-likelihood techniques to estimate
the model parameters based on the covariance matrix of the manifest variables. Three
indices of model fit, as recommended by Hu and Bentler (1998), were considered.
Firstly, a non-significant y statistic indicates that the specified model is an adequate
fit to the data. However, as % is highly influenced by sample size, the %> / df statistic
has been proposed, with values lower than 2.0 reflecting good model fit. Two further
fit statistics were taken into account as well: The Comparative Fit Index (CFI) and
the Standardized Root Mean Square Error of Approximation (RMSEA). A CFI value
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higher than .90 is considered a fair fit, whereas a value exceeding .95 indicates a good
fit. An RMSEA value of .08 or lower reflects a fair fit and a value of .05 or below is an
indication of good model fit.

Reliability (i.e., internal consistency) of the subscales and their relationships with
three demographical variables were investigated in a similar manner as Study 1. An
alpha level of .05 was applied. Except for the CFA, the statistical procedures were
conducted using IBM SPSS Statistics version 22.

RESULTS AND DISCUSSION

Descriptives of the WQ
Descriptive statistics of the WQ-items are provided in Table 5. None of the items
suffered from substantial skewness given values range from —0.6 to +0.2.

Confirmatory factor analysis

The fit of the data with a one-factor model was tested to establish a baseline and
because such a model has the highest possible parsimoniousness. This unitary model
represented all 22 WQ-items on a single latent variable. All fit statistics demonstrated
a very poor fit of the data to the one-factor model: y*(209) = 1278.53, p < .001; 2/df =
6.12; CFl = 0.54; RMSEA = 0.18.

Next, the fit of the data with the three-factor structure (Study 1) was tested. The
three distinct factors (Navigation and Orientation, Spatial Anxiety and Distance
Estimation) were allowed to correlate. The fit statistics provided a better, but still
weak fit to the data: y2(206) = 605.29, p <.001; 2/df = 2.94; CFI = 0.83; RMSEA = 0.11.
Nonetheless, the three-factor model fitted substantially better than the one-factor
model: A y*(3) =673.24, p <.001.

The modifications indices revealed, among others, two plausible correlations
between the error terms of item pairs. Consequently, two correlations between error
terms were added to the three-factor model, namely between Items 10 and 11, and
between Items 21 and 22. Content overlap is very high for both item pairs: Item 11
describes a more specific situation than Item 10, and Items 21 and 22 share overlap in
addressing the ability to understand and to provide route descriptions, respectively.
The adjusted three-factor model (with the two correlations between error terms
included) was a significant improvement over the three-factor model, A y*(2) =191.57,
p < .001, and the fit statistics met or closely approached criteria for acceptable fit: x>
(204) = 413.72, p <.001; ¥*/df = 2.03; CFI = 0.91; RMSEA = 0.08. The adjusted three-
factor model including its factor loadings is depicted in Figure 2.
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Reliability analysis (internal consistency)

Allthreesubscalesshowed very goodinternal consistency: Navigationand Orientation
(0.904), Spatial Anxiety (0.923) and Distance Estimation (0.826). A correlation
analysis revealed weak to strong correlations between subscales: Navigation and
Orientation and Distance Estimation (r = 0.756, p <.001), Navigation and Orientation
and Spatial Anxiety (r = 0.353, p < .001) and Distance Estimation and Spatial Anxiety
(r = 0.198, p = .013). Moreover, all mean subscale scores showed strong correlations
with the total score: Navigation and Orientation (r = 0.875, p < .001), Spatial Anxiety
(r=0.670, p <.001) and Distance Estimation (r = 0.823, p <.001).
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Figure 2. The confirmatory factor analysis (CFA) results (i.e., standardized estimates) are
displayed for the adjusted three-factor model. Boxes represent observed variables
(WQ items) and variables in ovals represent latent factors. All estimates are
significant (p's < .05). The results are based on the responses of a group of 158
chronic mild stroke patients.
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Table 6. Comparison of the mean scores on the three WQ-subscales scores for

female and male chronic mild stroke patients.

Females Males
Subscale t-value p-value  Effect-size r
(n = 64) (n=94)
Navigation and Orientation 4.00(1.32) 4.76 (1.40) -3.44 .001 27
Spatial Anxiety 3.94 (1.66) 4.68 (1.64) -2.77 .006 .22
Distance Estimation 3.36 (1.63) 4.53 (1.56) -4.53 < .001 .34

Note. Standard deviations are displayed between parentheses. Scores on the Spatial Anxi-
ety scale were reversed such that high values represent lower spatial anxiety and thus
higher navigation ability.

Relationship with demographic variables

Female patients scored significantly lower than male patients on all three subscales
(see Table 6). None of the subscales was significantly correlated with age. Educational
level was weakly and significantly related to the Navigation and Orientation subscale
(r=0.163, p =.04) and the Spatial Anxiety subscale (r= 0.204, p =.01).

Interim summary of Study 2

The three-factor structure as established in healthy participants (see Study 1) was
supported in chronic mild stroke patients in Study 2. The CFA provided evidence for
reasonable model fit of the data with the three factors (Navigation and Orientation,
Spatial Anxiety, and Distance Estimation). All subscales were characterized by very
good internal consistency, weakly to strongly correlated to the other subscales, and
strongly related to the total WQ-score.

GENERAL DISCUSSION

In current clinical practice, screening instruments for cognitive complaints are used on
a regular basis in stroke patients to decide whether or not extensive cognitive testing
is needed. Existing screening instruments have, however, neglected an important
cognitive function, that is, navigation ability. Our aim was therefore to develop a
short but comprehensive screening instrument for navigation-related complaints
after stroke. The WQ, as presented earlier by van der Ham and colleagues (2013),
was considered the perfect starting point for developing such an instrument. First,
in contrast to existing self-report instruments of navigation ability (e.g., the SBSOD;
Hegarty etal., 2002), the WQ takes both the cognitive complexity and the emotional
aspects of navigation behavior into account. Moreover, the WQ has already been used
asaself-reportinstrument of navigation ability in mild stroke patients (van der Ham et
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al., 2013). However, its psychometrical properties had not yet been evaluated. As a first
step in the validation process, we examined its internal validity (i.e., factor structure
and reliability) in both healthy participants (Study 1) and chronic mild stroke patients
(Study 2). The intended result of this approach was to end up with the final version of
the WQ, which can be used for further validation studies.

The two studies reported in this paper provide evidence in favor of the internal
validity of the WQ as a self-report screening instrument of navigation-related
complaints. The results showed that 22 out of the 26 original items were valid and

EENT3

best divided over three subscales: “Navigation and Orientation,” “Spatial Anxiety,”
and “Distance Estimation”. This three-factor structure was found to be valid in both
healthy participants and mild stroke patients, suggesting that the subscale scores can
be interpreted in the same way in these groups. Each of these results will be discussed
in more detail below.

In the first study, the WQ was completed by a large, heterogeneous group of
healthy participants. The exploratory factor analysis (EFA) led to deletion of four
WQ-items. One item was removed because it was related very poorly to the others
and three items were deleted due to substantial content overlap. The EFA suggested
the existence of three separate latent factors: Navigation and Orientation (11 items),
Spatial Anxiety (8 items), and Distance Estimation (3 items). Reliability was found to
be very high in this sample: The subscales displayed very high internal consistency,
showed weak to moderate correlations with the other subscales and were strongly
related to the total WQ-score as well.

The three-factor solution, as proposed in Study 1, was directly verified in a
representative group of 158 chronic mild stroke patients. Confirmatory factor analysis
(CFA - a structural equation modeling technique) enabled direct assessment of the
model fit of the patients’ WQ-item scores with the three-factor structure resulting
from the EFA in Study 1. Although model fit was not perfect, the fit indices provided
support for an acceptable fit. It should be mentioned that perfect model fit would have
been rather unexpected, as healthy participants and mild stroke patients are obviously
different in their neuropsychological status. Moreover, there were differences in
age and educational level between the healthy participants and the patients. More
specifically, the patients were somewhat older and slightly lower in educational
level than the healthy participants. Nonetheless, the finding of an acceptable model
fit indicates that no substantial difference exists in the manner in which the healthy
participants and patients perceived and responded to the questionnaire items. In
addition, these results allow patients’ WQ-subscale scores to be interpreted in the
same way as in healthy participants. Reliability was very high in the patient sample
as well: Internal consistency of the subscales was very high, correlations between the
subscales were weak to strong in degree and the subscale scores were also strongly
related to the total WQ-score.
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Hence, the statistical analyses provided support, in both healthy participants and
patients, for the existence of three latent factors underlying the 22 items of the final
WAQ (see Appendix A). Firstly, 11 items covered multiple aspects related to the more
general concepts of “navigation” and “orientation,” which supports the notion of
navigation ability as a complex cognitive capacity (Brunsdon et al., 2007; Wiener et
al., 2009; Wolbers & Hegarty, 2010). Secondly, eight items concerned the emotional
aspects associated with navigation, that is, experiencing anxious feelings when
performing navigation tasks (Lawton, 1994, 1996) and feeling worried about getting
lost (Schmitz, 1997). We consider the inclusion of the concept of “spatial anxiety”
highly important, as it has been shown to affect navigation ability in a negative way
(Schmitz, 1997; Walkowiak et al., 2015). In addition, preliminary evidence suggests
that spatial anxiety is not a situation-specific derivative of general anxiety. Walkowiak
and colleagues (2015) have recently shown that, in contrast to spatial anxiety, general
anxiety (based on the well-known State-Trait Anxiety Inventory) was not related to
objective measures of navigation ability. These findings suggest that individuals with
high general anxiety are not necessarily high in spatial anxiety and vice versa. Lastly,
three items addressed the specific ability to estimate distances (Thorndyke, 1981;
Montello, 1997, 2009; Proffitt, 2006), either based on direct experience (Item 6 and 19)
or amap (Item 7).

Investigation of the relationship between the subscale scores and gender revealed
that men scored higher on all three subscales' than female participants in both
samples. This finding is borne out by a large number of studies that have revealed
gender differences in favor of males in navigation ability (e.g., Coluccia & Louse, 2004;
Hegarty et al., 2006; Miinzer & Holscher, 2011) and lower levels of spatial anxiety in
males (e.g., Lawton 1994, 1996). With regard to future research, these marked gender
differences underline the need for development of separate WQ-norms for men and
women.

In contrast, the relationships between the WQ-subscale scores and two other
demographical variables, that is, age and educational level, were not as clear-cut as in
the case of gender. In respect of age, previous research has convincingly shown that
actual navigation ability is negatively affected by increasing age (e.g., Cushman, Stein,
& Dulffy, 2008; Moffat,2009). However, no such effect (i.e., no significant correlations,
except for one weak positive correlation in the healthy sample) was found with regard
to the WQ-subscales. Interestingly, Taillade, N’Kaoua and Sauzéon (2016) have
provided evidence for this combination of findings in a single study. These authors
reported age-differences in objectively measured navigation performance favoring
younger adults, whereas such a difference was not identified when comparing self-
reported navigation ability between groups of young and older adults.

1 NB. Scores on the Spatial Anxiety items were reversed such that high values represent lower spatial
anxiety and thus higher navigation ability.
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The absence of a significant correlation between self-reported navigation ability
on the WQ and age is thus in congruence with this recent paper as well as many
earlier studies (see Taillade et al., 2016), and might result from several factors. Older
people might have higher levels of experience with navigation than younger adults
and, consequently, more successful navigation episodes to base their self-estimates
on (Taillade et al., 2016). Another explanation might lie in metacognitive difficulties
in older adults, which might hinder them in providing accurate self-estimates. Last,
domain-specific age stereotypes might influence self-reported cognitive abilities in
the elderly, that is, negatively affecting self-estimates of memory function but not of
spatial abilities (see Taillade etal., 2016). Hence, older individuals tend to overestimate
their current navigation abilities.

Weak positive relationships were identified between some of the WQ-subscales
and educational level. These results indicate that people with a higher level of
education tend to report better navigation and orientation ability and lower spatial
anxiety as compared with lower-educated people.

Several strengths of this paper deserve to be mentioned. Studies 1 and 2 rely on
large samples of healthy participants and chronic mild stroke patients, respectively.
The patient group consisted of patients with various stroke types and lesion locations
(see Table 4) allowing initial generalization to stroke patients in general. Additional
studies based on even larger samples per stroke type and patients with more severe
stroke pathology could be helpful in confirming the generalizability of the current
findings. A further strength is the confirmatory approach taken in Study 2. The factor
structure as established in healthy participants (Study 1) was directly verified in a
representative sample of mild stroke patients and was found to be internally valid and
reliable in this latter group as well. Given that the WQ is short (22 items), it seems
particularly feasible as a screening instrument of navigation-related complaints in
stroke patients.

A few limitations of this paper should also be mentioned. First, the two studies
specifically focused on establishing the latent factor structure of the WQ and
examining its reliability. Further research should therefore scrutinize the validity of
the WQ. It should also be mentioned that only chronic stroke patients were included
for participation in the study. Further studies could take other relevant acquired brain
injury patient groups into account, for instance, patients suffering from traumatic
braininjury (e.g., Livingstone & Skelton, 2007) and Alzheimer patients (e.g., Cushman
etal., 2008; delpolyi, Rankin, Mucke, Miller, & Gorno-Tempini, 2007; Pai & Jacobs,
2004) as navigation impairment also occurs regularly in these patient groups.

Another limitation lies in the fact that the WQ-scores rely on accuracy of the
patient’s insight into actual navigation performance in daily life. The dependence on
self-insight is a common issue with the use of self-report measures in brain-damaged
patients, as insight in actual cognitive performance can be diminished or even absent
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after suffering from stroke (Orfei, Caltagirone, & Spalletta, 2009; Starkstein, Jorge,
& Robinson, 2010). Future research on the WQ could explore the feasibility of a
caregiver version to overcome full reliance on the patient’s self-insight. This would
help in capturing navigation problems in patients who are unable to provide an
accurate indication of their abilities.

Notwithstanding these limitations, the current studies allowed us to draft the
final version of the WQ based on the data of healthy respondents. Results showed that
the WQ-subscales are reliable in both healthy participants and mild stroke patients.
Furthermore, the three-factor structure was found to be a valid interpretation
frame in both of these groups. We have shown that the WQ is not only a short but
also comprehensive instrument (22 items) as it covers the cognitive complexity of
navigation ability and takes spatial anxiety into account as well. As the next step in
the validation process of the WQ, we are currently examining further aspects of its
validity as well as its clinical utility (De Rooij etal., in preparation). In case this follow-
up study results in further substantiation of the validity and usefulness of the WQ,
we consider this instrument to be eligible for implementation in clinical practice as an
assessment instrument for navigation-related complaints after stroke.
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APPENDIX A: WAYFINDING QUESTIONNAIRE (WQ)

The following 22 statements are about navigation ability. For each of these
statements, please circle the number that best describes your ability to navigate.

The numbers 1 to 7 represent the following:

1 2 3 4 5 6 7
Not at all Almost Rarely Sometimes Often Almost al- Fully
applicable never applicable | applicable applicable ways applicable
to me applicable to me to me to me applicable to me
to me to me

1. When | am in a building for the first time, | can easily point to the main entrance of this building.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

2. If | see a landmark (building, monument, intersection) multiple times, | know exactly from which
side | have seen that landmark before.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

3. In an unknown city | can easily see where | need to go when | read a map on an information board.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

4. Without a map, | can estimate the distance of a route | have walked well, when | walk it for the first
time.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

5. | can estimate well how long it will take me to walk a route in an unknown city when | see the route

on a map (with a legend and scale).

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

6. | can always orient myself quickly and correctly when | am in an unknown environment.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

7. | always want to know exactly where | am (meaning, | am always trying to orient myself in an

unknown environment).

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me
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8. | am afraid of losing my way somewhere.

Not at all applicable to me| 1 | 2 | 3 | 4 | 5 | 6 | 7 |Fullyapplicableto me

9. | am afraid of getting lost in an unknown city.

Not at all applicable to me| 1 | 2 | 3 | 4 | 5 | 6 | 7 |Fullyapplicableto me

10. In an unknown city, | prefer to walk in a group rather than by myself.

Not at all applicable to me| 1 | 2 | 3 | 4 | 5 | 6 | 7 |Fullyapplicableto me

11. When | get lost, | get nervous.

Not at all applicable to me| 1 | 2 | 3 | 4 | 5 | 6 | 7 |Fullyapplicableto me

How uncomfortable are you in the following situations (items 12, 13 and 14):

12. Deciding where to go when you are just exiting a train, bus, or subway station.

Not uncomfortable at all | 1 | 2 | 3 | 4 | 5 | 6 | 7 | Very uncomfortable
13. Finding your way in an unknown building (for example a hospital).
Not uncomfortable at all | 1 | 2 | 3 | 4 | 5 | 6 | 7 | Very uncomfortable
14. Finding your way to a meeting in an unknown city or part of a city.
Not uncomfortable at all | 1 | 2 | 3 | 4 | 5 | 6 | 7 | Very uncomfortable

15. | find it frightening to go to a destination | have not been before.

Not at all applicable to me| 1 | 2 | 3 | 4 | 5 | 6 | 7 |Fullyapplicableto me

16. | can usually recall a new route after | have walked it once.

Not at all applicable to me| 1 | 2 | 3 | 4 | 5 | 6 | 7 |Fullyapplicableto me
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17. | am good at estimating distances (for example, from myself to a building | can see).

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

18. | am good at understanding and following route descriptions.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

19. | am good at giving route descriptions (meaning, explaining a known route to someone).

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

20. When | exit a store, | do not need to orient myself again to determine where | have to go.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

21. | enjoy taking new routes (for example shortcuts) to known destinations.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

22. | can easily find the shortest route to a known destination.

Not at all applicable to me‘ 1 ‘ 2 ‘ 3 ‘ 4 ‘ 5 ‘ 6 ‘ 7 ‘Fullyapplicableto me

Scoring instructions:

Response possibilities range from 1 (“notatall applicable to me”) to 7 (“fully applicable
tome”) for Navigation and Orientation and Distance Estimation items. On Items12,13,
and 14, scores of 1 to 7 represented “not uncomfortable atall” to “very uncomfortable”
respectively.

Navigation and Orientation subscale: Item 1, 2, 3, 6,7, 16,18, 19, 20, 21, and 22
Spatial Anxiety subscale: Item 8, 9,10, 11, 12,13, 14, and 15
Distance Estimation subscale: Item 4, 5,and 17
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CHAPTER 4

ABSTRACT

Post-stroke navigation complaints are frequent (about 30%) and intervention
is possible, but there is no assessment instrument to identify patients with
navigation complaints. We therefore studied the clinical validity of the Wayfinding
Questionnaire (WQ) in a cross-sectional study with 158 chronic stroke patients and
131 healthy controls. Patients with low (more navigation complaints) versus normal
WQ scores were compared for demographics, stroke characteristics, emotional and
cognitive complaints, and health-related quality of life (HRQoL). Actual navigation
performance of 78 patients was assessed in a virtual reality setting. Effect sizes (d)
were calculated. WQ responses (22 items) of stroke patients were compared with
those of controls (discriminant validity). Results showed that patients with alow WQ
score (n=49, 32%) were more often women (p = 0.013) and less educated (p = 0.004),
reported more cognitive complaints (d = 0.69), more emotional problems (d = 0.38 and
0.52), and lower HRQoL (d = 0.40 and 0.45) and, last but not least, performed worse
on the navigation ability tasks (d = 0.23—0.80). Patients scored lower than controls on
21/22 WQ items, predominantly with small to medium effect sizes (d = 0.20-0.51).
We conclude that the WQ is valid as a measure of navigation complaints in stroke
patients, and thus strongly advocate its use in stroke care.
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INTRODUCTION

Our brain uses a range of cognitive skills when moving around in a particular
environment, the so-called spatial navigation ability. This complex cognitive construct
is crucial because it enables us to adapt to new environments and allows us to move from
one point to another in our daily lives, both indoors, from room to room, and outdoors,
from home to the grocery store, to work or to visit family in a different town. Whilst
navigation ability varies greatly among healthy people (Hegarty, Montello, Richardson,
Ishikawa, & Lovelace,2006), numerous casereports have described thatindividuals with
brain damage are prone to experiencing navigation complaints (Aguirre & D’Esposito,
1999; Busigny etal., 2014; van der Ham et al., 2010). In a study of mild stroke patients in
the chronic phase, 29% reported navigation complaints (van der Ham, Kant, Postma, &
Visser-Meily, 2013). Unfortunately, navigation complaints are not routinely assessed in
stroke patients nowadays; neither in history-taking nor in standard neuropsychological
assessments. Existing questionnaires such as the checklist for cognitive and emotional
consequences following stroke, the CLCE-24, do not address navigation complaints
(van Heugten, Rasquin, Winkens, Beusmans, & Verhey, 2007). We therefore think that
difficulties in navigation ability are currently underdiagnosed.

The Wayfinding Questionnaire (WQ), a self-report questionnaire to assess
navigation complaints, was first presented in 2013 (van der Ham et al., 2013). The
development of the WQ was based on previous literature and inspired by existing
questionnaires that only provided partial coverage of the concept of navigation
ability. One of these questionnaires was a “sense-of-direction” 15-item scale
(Hegarty, Richardson, Montello, Lovelace, & Subbiah, 2002). This scale, however,
does not include any item on spatial anxiety (SA). Inclusion of the concept of SA is
essential, because it negatively affects navigation ability, and might not be detected
by instruments of general anxiety (Walkowiak, Foulsham, & Eardley, 2015).
Questionnaires that do include SA, like the Wayfinding Anxiety Scale and Lawton’s
Spatial Anxiety Scale, however, do not include other navigation complaints like
distance estimation and orientation (Lawton, 1994; Lawton & Kallai, 2002). A 17-item
International Wayfinding Strategy Scale focuses on orientation and route strategies,
not on the ability to navigate (Lawton & Kallai, 2002). The coverage of the full range
of navigation complaints is thus unique to the WQ.

The WQ was recently tested for internal validity in a large group of healthy
controls and mild stroke patients. This study resulted in a final version of the WQ
containing 22 items and taking less than 10 minutes to complete (Claessen, Visser-
Meily, de Rooij, Postma, & van der Ham, 2016b). However, additional evidence to
support its clinical usefulness in stroke patients is required for use in clinical practice.

Our aim was therefore to study whether the WQ can be used as an assessment
tool to identify complaints concerning navigation ability in stroke patients. To assess
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whether the WQ is clinically valid, in other words clinically relevant and useful,
we considered several aspects of validity that we think are important in clinical
practice. We tested association hypotheses to validate the WQ because no gold
standard is available. Hence, we analysed differences between stroke patients with a
low WQ score and those with a normal WQ score regarding demographics, scores
on other self-report instruments, and objective tests of navigation ability. Based on
the literature, we hypothesized that women, older patients, and patients with more
cognitive, anxious, or depressive complaints would have more navigation complaints
(Coluccia & Louse, 2004; Moffat, 2009). Furthermore, we expected patients with
more navigation complaints to perform worse on objective tests of navigation ability,
and to report lower health-related quality of life (HRQoL), because navigation
problems may interfere with independent functioning in daily life. We also used the
WQ to explore which navigation complaints were most common in stroke patients,
and analysed the differences in WQ responses between stroke patients and healthy
controls (discriminant validity).

METHODS

Design and participants

A cross-sectional study was performed including both stroke patients and healthy
controls. The study was designed in accordance with the regulations provided by the
Declaration of Helsinki. The study procedures were approved by the medical ethical
review board of the University Medical Centre Utrecht (protocol number 12-198). The
recruitment procedures have been described in detail elsewhere (Claessen, Visser-
Meily, de Rooij etal., 2016b). Briefly, 158 stroke patients were included who visited the
rehabilitation centre or hospital rehabilitation departmentin Utrecht, the Netherlands.
Inclusion criteria were: (1) first or recurrent stroke; (2) age > 18 years; (3) > 6 months
since first stroke event, and (4) living at home after rehabilitation. Exclusion criteria
were: (1) unable to communicate in Dutch, (2) severe global aphasia, and (3) severe
mobility problems (i.e., patients had to be able to walk outside without supervision).
Healthy controls were recruited for several study objectives, including the WQ. For
the present study, we used data of 131 controls. Sixty-seven of them completed only
the WQ, while 64 completed the WQ as part of the same set of questionnaires as the
stroke patients. These control groups were comparable with respect to age and gender.

Data collection

Allstroke patients and 64 controls completed a paper/pencil self-report questionnaire.
Demographic characteristics collected included age, gender, and level of education
(1 “primary education completed” up to 7 “finished university education completed”)

98



CLINICAL VALIDITY OF THE WAYFINDING QUESTIONNAIRE

(Verhage, 1964). Stroke characteristics were obtained from medical files and included
type of stroke, hemisphere involved, and date of stroke.

Navigation complaints

The Wayfinding Questionnaire (W Q) contains 22 items in 3 subscales: navigation and
orientation (NO, 11items), distance estimation (DE, 3 items) and spatial anxiety (SA, 8
items) with scores ranging from 1 to 7, and is displayed in Appendix A (see Chapter 3).
A lower score indicates more navigation complaints for all items (all 8 SA item scores
were reversed). The subscale scores for NO (range 7 to 77), DE (range 3 to 21) and SA
(range 8 to 56) represent different aspects of the “navigation ability” function and are
not combined in one total score.

Cognitive complaints

The cognitive domain of “memory and thinking” of the Stroke Impact Scale version
3.0 (c-SIS) was used to assess self-reported cognitive problems (Duncan, Bode, Lai,
& Perera, 2003). This domain consists of 7 items and each item is scored from 1 (“not
difficultatall”) to 5 (“cannot do atall”). The scale score is the average of the item scores
and a higher score indicates more problems of memory and thinking. The SIS has been
shown to have excellent psychometric properties in terms of concurrentand construct
validity, test-retest reliability and responsiveness (Duncan et al., 2003; Carod-Artal,
Coral, Trizotto, & Moreira, 2008).

Emotional complaints

The Hospital Anxiety and Depression Scale (HADS) was used to assess emotional
functioning in terms of depressive (7 items) and anxiety symptoms (7 items). The
total score of all 14 items ranges from o to 42. A higher score indicates more emotional
problems (Zigmond & Snaith, 1983). The HADS has shown good psychometric
properties and is commonly used for stroke patients (Zigmond & Snaith, 1983;
Spinhoven etal., 1997).

Health Related Quality of life (HRQoL)

The short-version of the Stroke-Specific Quality of Life Questionnaire (SS-QoL-12)
was used to assess HRQoL. This is a validated disease-specific measure that contains
5items on physical and 7 items on psychosocial HRQoL, each scored on a 5-pointscale
(Postetal., 2011). Items are averaged to obtain a total score (range 1 to 5), higher scores
indicating better HRQoL. In the control group, an adapted version of the SS-QQOL-12
was used without the words “due to stroke” in the introduction sentence.
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Navigation cognitive ability tasks

A subset of the stroke patients (n = 78) were assessed for navigation ability in a
virtual reality setting using the Virtual Tiibingen test (van Veen, Distler, Braun, &
Biilthoff, 1998; Claessen, Visser-Meily, Jagersma, Braspenning, & van der Ham,
2016; Claessen, Visser-Meily, de Rooij, Postma, & van der Ham, 2016a). Briefly, the
patients were shown a video of a virtual route and were requested to remember as
many aspects of this route as possible, after which they performed eight subtasks.
Scene Recognition was tested by presenting 22 images of decision points taken from
the route (11 targets and 11 distractors). Patients were requested to indicate if the
decision points had been in their route. Scoring was based on the number of correct
responses, range 0—22. Route Continuation was assessed by presenting 11 decision
points taken from the route one-by-one in random order and asking participants to
indicate the direction in which the route continued at each decision point. Scoring
was based on the number of correct responses, range: o—11. To test Route Sequence
patients were requested to indicate the sequence of turns taken during the route,
by arranging a set of arrow cards. Scoring was based on the number of correctly
indicated turns in the sequence, range o—7. Route Order was tested by instructing
the patients to reconstruct the order in which 11 images of decision points occurred
during the route. Scores ranged from o-22. Route Progression tested memory for
absolute order of scenes. Patients were shown 11 printed images and were provided
with a small piece of paper with a printed line representing the length of the route.
They were asked to indicate where each image was encountered on the route. Scoring
was performed by calculating the relative difference between the correct position
and the indicated position. These scores were averaged and varied between o and 1
(= perfect performance). For Route Distance patients were presented with two scenes
and had to indicate the distance between these scenes on a line representing the total
distance of the route. Scoring was the average (9 trials) of the percentage of deviation
between the indicated and actual position relative to the full length of the line. Route
Drawing was tested by asking the patients to draw the route they had studied on a
map of the test environment, in which only the starting point and starting direction
were provided. Scoring ranged from o to 11, one point for each correctly indicated
direction (left turn, straight ahead or right turn) at relevant decision points. For Map
Recognition the patients had to select the correct map of the route out of four options.
Scoring was dichotomous (correct or incorrect).

Analyses

A cut-off value can help health care professionals to decide which score indicates
clinically meaningful problems. Such cut-off values are frequently based on empirical
findings, not on theoretical arguments, e.g., the Centre for Epidemiologic Studies
Depression Scale (Shinar, Gross, Bolduc, & Robinson, 1986). We chose cut-off values
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corresponding to the lower (most severe) 5% WQ scores for each subscale in the 131
healthy controls, by z-score of <-1.64 (Lezak, Howieson, Bigler, & Tranel, 2012). WQ
subscale scores were considered low if: < 32 for NO, < 6 for DE and < 20 for SA.

Patients were classified as having navigation problems (low WQ score) if they had
a low score on one or more subscales. Subsequently, we compared the patients with
a normal and those with a low score regarding demographics, stroke characteristics,
cognitive and emotional complaints, and HRQoL. Effect sizes were defined as by
Cohen (small effect d = 0.2-0.49, medium effect d = 0.5-0.79, and large effect d >
0.8). Independent t-test or chi-square test was used to identify significant differences.
Additionally, Spearman correlation was calculated between the mean scores for each
WQ category and the HADS score. A correlation of < 0.3 was considered weak, 0.3 to
0.6 moderate, and > 0.6 good.

Next, we analysed whether the patients with low WQ scores did indeed score
lower on the Virtual Tiibingen test than patients with WQ scores in the normal range.
Effect sizes (d) and the significance of differences was calculated with Cohen’s d, t-test
or chi-square test.

Finally, we compared the WQ scores of the 158 stroke patients with those of the
131 healthy controls (discriminant validity). Because navigation ability can be low in
healthy people as well, and not all stroke patients will have navigation problems, we
analysed the mean differences between patients and controls, and did not attempt to
separate sick from healthy. Mean scores were calculated for the 22 individual items
and the 3 composite subscales. Effect sizes (d) and levels of significance were again
calculated with Cohen’s d, and t-test or chi-square test. To explore the most frequent
navigation complaints, we additionally dichotomized all item scores, considering
item scores < 3 (“not at all / almost never / rarely applicable to me”) as indicating
navigation complaints and item scores > 4 (“sometimes / often / almost always / fully
applicable to me”) as indicating no navigation complaints.

RESULTS

Baseline characteristics of the 158 stroke patients and 131 healthy controls are presented
in Table 1. There were some differences in gender, age, and education between the two
groups, the control group including more males, while controls were slightly younger
and had somewhat higher level of education. There were obvious differences in c-SIS,
HADS, and SSQoL-12 scores (p < 0.001) between stroke patients and controls. Missing
data for 3 stroke patients meant that no reliable assessment was available to determine
whether their WQ score was low or normal. We found 49/155 (32%) stroke patients
having a low WQ score on one or more subscales (Table 1). Of the patients with a low
WQ score, 27/49 (55%) scored low on one subscale (6 NO, 7 DE, 14 SA), while 22/49
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(45%) scored low on more than one subscale (9 on NO+DE, 2 on NO+SA, 2 DE+SA
and g on all three subscales). In the control group we found 14% having a low score on
one or more subscales.

Differences between patients with low versus normal WQ score are presented in
Table 1. The group with low WQ scores included significantly more women, lower
educated patients and patients with more cognitive complaints (higher ¢-SIS, d =
0.69), more emotional problems (higher HADS, d = 0.38 and 0.52) and lower HR-QoL
(lower SS-QoL, d = 0.40 and 0.45). Age, type of stroke, location of stroke, and time
after stroke were not significantly different between groups. Spearman correlations
between the HADS and WQ subscales were weak to moderate, the highest for SA and
HADS-anxiety: HADS and SA —0.41 (anxiety) and —0.33 (depression), HADS and NO
-0.30 (anxiety) and —0.33 (depression), and HADS and DE -o0.20 (anxiety) and —o0.21
(depression). These correlations were significant at the o.01 level, except that for DE
and HADS-anxiety (0.05 level).

Differences in performance on the Virtual Tibingen Test are shown in Table 2.
Data was available for 30 (61%) of the patients with a low WQ score and 48 (45%)
of the patients with normal WQ score. Performance was significantly poorer in the
patients with a low WQ score compared to patients with a normal WQ score for all 8
navigation tasks. Effect sizes were small for 4 tests (d = 0.2—0.5) and medium to large
for 3 tests (d = 0.6-0.8). In one test d could not be calculated, but the difference was
significant as well (p = 0.017).

Differences in WQ responses between stroke patients and controls are listed in
Table 3. Stroke patients scored lower than controls on 21/22 items, and these differences
were significant for 14 items. Effect sizes were small to medium (d = 0.2-0.5), with
the largest difference for item 21 “I enjoy taking new routes (for example shortcuts)
to known destinations” (d = 0.51, p < 0.001). All three subscales showed significant
differences between stroke patients and controls with d values of 0.35 for NO, 0.24 for
DEand o0.45 for SA. The percentages of stroke patients scoring < 3 on the various items
were also higher compared to the controls, except for item 20. The difference was > 10
percent for 14 items (64 %), and > 15 percent for 10 items (45%). The largest differences
were 20-28% for items 5, 10, 13, 14, and 21. Difference for NO was 8%, for DE 17% and
for SA 12% (Table 3).
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Because the baseline characteristics of patients and controls (Table 1) revealed
significant differences in gender, age, and education, we additionally compared mean
scores on the three WQ subscales for gender, dichotomized age, and dichotomized
level of education of patients and controls (Table 4). We found that patients scored
lower than controls in all 6 comparisons. Women generally had a lower WQ score
than men on all three subscales, but the difference between patients and controls was
found for both men and women on all three subscales, most obviously for SA among
men. Women with stroke had the lowest scores on DE (mean 3.31). Older participants
generally had a higher WQ score, especially among the controls. Differences between
patients and controls were largest for older participants, most obviously for NO.
Participants with a low education generally had a lower WQ score. Differences
between patients and controls were found in both high and low educated persons for
all three subscales, most obviously for SA among the highly educated participants.

DISCUSSION

Our study ensues from previous research on the validation of the Wayfinding
Questionnaire (WQ) as a clinically useful instrument to identify complaints about
navigation ability in stroke patients (Claessen, Visser-Meily, de Rooij etal., 2016b). The
hypothesized associations that we regard as being clinically relevant were sufficiently
confirmed. As expected, the stroke patients with a low WQ score were more likely
to be women, reported more cognitive complaints, more emotional problems, and
lower HRQoL, and most importantly, also performed less well on the navigation
ability tasks. The proportion of stroke patients with navigation complaints (low WQ
scores on one or more subscales; 32%) was similar to the 29% found earlier in another
sample of stroke patients (van der Ham et al., 2013), and considerably higher than in
the healthy control group (14%). We also confirmed the WQ’s discriminant validity:
patients generally scored lower than healthy controls on all 3 subscales.

To our knowledge, no assessment instrument other than the WQ is available to
cover the complete cognitive complexity that characterizes navigation complaints.
Our three-subscale structure, providing separate interpretations for navigation &
orientation, distance estimation, and spatial anxiety, is thus unique (Claessen, Visser-
Meily, de Rooij etal., 2016b). Our research group is also the first to measure navigation
complaints in a large group of stroke patients. More than three-quarters of our patients
with low WQ scores were affected in terms of 1 or 2 subscales of this instrument, while
only a minority scored low on all three subscales. The different subscales are needed
for stroke patients as the different complaints might require different treatment
strategies.
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CHAPTER 4

Literature on the subject of spatial navigation that describes findings agree with
our results regarding demographic differences. The women in our cohort had a
higher level of NO, DE and SA complaints than the men, both among the controls
and the stroke patients (Table 4). All three subscales showed more complaints among
patients than controls, both for men and women. The greatest difference between
patients and controls was that regarding SA for the men (d = 0.63) and that regarding
SA for the women (d = 0.51). A large review on gender and navigation has described
differences in strategies, with men preferably relying on visuospatial properties of the
environment and configurational orientation strategies, while women focus more on
landmarks and procedural “route” strategies involving route knowledge (Coluccia &
Louse, 2004). The same review discussed differences in the findings of self-evaluation
questionnaires on orientation skills, in which men estimate themselves to be better
at orientation and show greater confidence in their ability than women. In other
words, lower self-confidence (or more honesty to admit failures) might increase the
navigation complaints among women. The authors also stated that women report
more anxiousness when navigating than men, which agrees with our findings. Our
SA subscale might be a good measure of low confidence in one’s navigation ability,
due to personality (or changes therein), more fear of getting lost after stroke and/or
loss of cognitive navigation skills after stroke. Interestingly, our results reveal that
SA is negatively influenced by stroke not only for women, but also (or relatively even
more strongly) for men. In our study, the expected correlation between lower WQ
score and higher age was not found (Moffat, 2009). This is, however, in line with
other studies suggesting that older individuals overestimate their current navigation
abilities. It could be that seniors tend to judge their sense of direction and everyday
navigation just as favourably or even more so than the younger generations (Taillade,
N’Kaoua, & Sauzéon, 2016; Klencklen, Després, & Dufour, 2012).

We found more self-reported navigation problems among patients with more
cognitive complaints (Table 1). This was to be expected, as navigation ability is a
complex cognitive function, related to a multitude of other cognitive abilities such
as episodic memory, mental working speed, and executive functioning (Wolbers &
Hegarty, 2010). Navigation complaints and cognitive complaints as assessed by the
¢-SIS can coincide, but it is important to keep in mind that navigation is a dissociable
cognitive function, so navigation complaints can also be present without complaints in
other cognitive domains. As regards emotional feelings, more navigation complaints
were reported by patients in our study with more anxious and depressive complaints,
and moderate correlations between SA score and the HADS-anxiety were found. It
is important to mention once again that SA assessment offers additional value to the
HADS, because SA is not always found by instruments of general anxiety (Walkowiak
etal., 2015). We found that lower WQ scores were associated with lower levels of both
psychosocial and physical HRQoL. This could be explained by the fact that navigation
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complaints interfere with independent functioning and mobility. In conclusion,
the fact that our hypothesized associations between navigation and cognitive and
emotional complaints and HRQoL were confirmed supports the validity of the WQ.

Last but not least, the validity of the WQ was supported by our positive results
using objective measurements of navigation ability: the patient group with alow WQ
indeed showed poorer actual navigation performance in a virtual reality setting, with
medium to large effect sizes. Although navigation ability in a virtual reality setting
is different from that in a patient’s personal surroundings, it is known that testing in
a virtual reality setting is an ecologically valid way to test real-life navigation ability
(Claessen, Visser-Meily, de Rooij et al., 2016a).

Strengths and limitations
A strength of our study is the large group of mild stroke patients in the chronic phase
and the comparison with healthy controls. The group consisted of patients with various
stroke types and locations, allowing generalization to stroke patients in general. Our
patient group was representative of the largest group of stroke patients living at home
in the chronic phase. This group includes patients who were discharged directly to
their own homes several days after the stroke, but also patients who initially had a
severe hemiparesis and/or other neurological deficits in the subacute phase, but who
can walk independently notwithstanding these neurological deficits after discharge
from a rehabilitation centre. In the chronic phase, this group of patients is confronted
with navigation ability on daily basis. We were able to confirm our hypothesized
hypotheses of associations between navigation complaints and demographics and
other self-report instruments, with relevant effect sizes (small to medium effects).
What is also unique to this study is that we performed analyses with both subjective
and objective instruments of navigation ability. Objective measurement was based on
performance on navigation cognitive ability tasks with the Virtual Tubingen test.
Our study also has some limitations. Our cut-off values should be interpreted
with care, because they are based on a group of 131 participants and our control group
included more men and younger persons with somewhat higher level of education
compared to the stroke patients. However, Table 4 shows that the crude mean WQ
scores for dichotomized gender, age, and education each show differences between
patients (lower WQ) and controls. Considering the above, we do not think that the
differences in gender, age, and education between the groups have greatly biased our
main results. Another limitation is that we did not calculate specificity and sensitivity
values. This is, however, related to the fact that navigation complaints are also present
in healthy people and there is no gold standard. A debatable issue is that a low score on
the WQ might result from motor impairment or neglect caused by stroke. Although
we cannot fully invalidate this, we consider it unlikely in our study since we included
a patient group with a relatively good outcome (walkers, independent in activities of
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daily living and without language disorder). Finally, a general limitation of every self-
reported instrument is that scores rely on accuracy of the patient’s insights. Patients
with brain injury may have diminished insights into their actual cognitive and
navigation performance in daily life, due to their stroke as well as their age (Boosman,
van Heugten, Winkens, Heijnen, & Visser-Meily, 2014). The above limitations are
processed below in the clinical implications.

Clinical implications

We are convinced that the WQ can already be used in current practice, and future
studies will be helpful to improve its interpretation (see next section). We recommend
using the WQ in outpatient rehabilitation settings. It can be used in addition to other
instruments assessing post-stroke cognitive complaints, such as the CLCE-24 (van
Heugten etal., 2007). Our cut-off values (NO sum score < 32, DE sum score < 6, or SA
sum score > 20) are helpful to guide the interpretation of WQ scores, but should not to
beapplied too strictly. We think thatindividual health professionals can decide whether
the WQ responses are abnormal or not, even without (gender-specificand age-specific)
cut-off values. Health professionals should take account of three considerations
regarding the WQ subscales: men tend to assess themselves as having higher navigation
ability than women (as found in the current study), older people might overestimate
themselves more than younger people (Taillade et al., 2016; Klencklen et al., 2012) and
some patients lack insight into their own cognitive functions and might overestimate
themselves (Boosman et al., 2014). It may be valuable to involve the partner or family
of the patient in answering the questions if the patient’s self-insight is affected, though
some items of the WQ will be difficult to answer for proxies. Last but not least, we
believe the impact of the navigation complaints should be taken into account to create
a suitable interpretation. Hence we recommend that health professionals ask patients
(and their proxies) whether their ability to navigate has declined compared to the pre-
stroke period and whether this decline is inconvenient to them. These two questions
can help to decide whether a particular patient requires further diagnostics and/or
treatment for their navigation complaints.

Treatment

Treatment options for navigation problems are currently being developed. An
important intervention is that of psycho-education for both patients and their
partners/family. Because navigation is such a complex cognitive function in which
it is rare for all aspects to be affected, learning alternative navigation strategies can be
a successful treatment option. A pilot navigation training programme using a virtual
reality setting has shown good results in a small group of stroke patients (Claessen,
van der Ham, Jagersma, & Visser-Meily, 2016). Patients can learn compensation
strategies, but it depends on a patient’s profile which compensation strategies are
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potentially useful. More research is needed to find out which patients might benefit
from a navigation training focused on teaching them to adopt alternative navigation
strategies. The WQ, as a short and valid screening instrument, would certainly be
valuable for this future research.

Future research

We suggest that confirmation of our cut-off points in another large group of controls
and stroke patients will be helpful to improve the interpretation of the WQ by health
professionals. It could be useful to define age-specific and gender-specific cut-off
points or correction factors, but whether this is necessary is debatable. Next, although
the WQ is already a concise questionnaire (less than 10 minutes), future studies could
consider further shortening the WQ as regards the number of NO items, if studies
should reveal (as the current one did) that item 20 shows no difference between
patients and controls. Moreover, as navigation impairmentalso occurs in other types of
acquired brain injury (traumatic brain injury) and degenerative diseases (Alzheimer’s
disease), future research can examine if the WQ is also clinically useful for these and
other neurological patient groups.

CONCLUSION

The Wayfinding Questionnaire (WQ) is a valid and clinically useful self-report
instrument for stroke patients to identify post-stroke navigation complaints (present
in approximately 30% of stroke patients). The WQ is a fast and easy way to assist
health care professionals in deciding whether or not a stroke patient should be referred
for detailed objective navigation tests. This is important, as options for treatment of
navigation problems are being developed. Although more research on cut-off values
would be helpful, we already advocate the use of the WQ, to ensure navigation
complaints in stroke patients are no longer ignored.
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CHAPTER 5

ABSTRACT

Objective: An increasing number of studies have presented evidence that various
patient groups with acquired brain injury suffer from navigation problems in daily
life. This skill is, however, scarcely addressed in current clinical neuropsychological
practice and suitable diagnostic instruments are lacking. Real-world navigation tests
are limited by geographical location and associated with practical constraints. It was
therefore investigated whether virtual navigation might serve as a useful alternative.
Method: To investigate the convergent validity of virtual navigation testing,
performance on the Virtual Tiibingen test was compared to that on an analogous
real-world navigation test in 68 chronic stroke patients. The same eight subtasks,
addressing route and survey knowledge aspects, were assessed in both tests. In
addition, navigation performance of stroke patients was compared to that of 44
healthy controls.

Results: A correlation analysis showed moderate overlap (r =.535) between composite
scores of overall real-world and virtual navigation performance in stroke patients.
Route knowledge composite scores correlated somewhat stronger (r = .523) than
survey knowledge composite scores (r=.442). When comparing group performances,
patients obtained lower scores than controls on seven subtasks. Whereas the real-
world testwas found to be easier than its virtual counterpart, no significantinteraction-
effects were found between group and environment.

Conclusions: Given moderate overlap of the total scores between the two navigation
tests, we conclude that virtual testing of navigation ability is a valid alternative to
navigation tests that rely on real-world route exposure.
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INTRODUCTION

Spatial navigation is an ability that enables us to find our way from one location to
another. Whether we walk, ride abike or drive a car, we rely on the ability to navigate to
arrive at our planned destination. Navigation ability is thus crucial for everyday life, as
itallows us to function independently in the community. Notwithstanding the notion
of the cognitive complexity of navigation ability (Brunsdon, Nickels, & Coltheart,
2007; Wiener, Biichner, & Holscher, 2009; Wolbers & Hegarty, 2010), researchers
usually distinguish between two fundamentally different memory representations
for navigation (Montello, 1998; Siegel & White, 1975). Route knowledge concerns
information related to a specific route, such as distinctive features in the environment
(landmarks), associations between landmarks and directional information (place-
action associations) and the temporal order of landmarks or turns. Survey knowledge,
on the other hand, refers to an integrated geometrical representation of the
environment which also includes information about distances and angles.

Inherent to the cognitive complexity of navigation ability is its vulnerability to
the effects of brain damage. Based on self-report data, nearly a third of stroke patients
experience navigation difficulties after their stroke event (van der Ham, Kant, Postma,
& Visser-Meily, 2013). Other studies have provided evidence for this notion using
objective navigation ability assessments in stroke patients (e.g., van Asselen, Kessels
etal., 2006). Special attention to navigation ability should be paid in neglect patients,
as deficits in this ability have shown to be associated with the neglect syndrome (De
Nigris et al., 2013; Guariglia, Piccardi, Iaria, Nico, & Pizzamiglio, 2005; Nico et al.,
2008). Recent studies have indicated that navigation impairment can also be found
in other patient groups with acquired brain injury (ABI), including traumatic brain
injury (e.g., Livingstone & Skelton, 2007), Korsakoff’s syndrome (Oudman et al.,
2016) and Alzheimer’s disease (e.g., Cushman, Stein, & Duffy, 2008). In general,
these and many other studies clearly illustrate the importance of evaluating the status
of navigation ability in ABI patients. Strikingly, this skill is scarcely addressed in an
explicit manner in current clinical neurological and neuropsychological practice.

The lack of studies with a specific focus on navigation ability in ABI patient groups
may partly be due to the fact that no valid objective navigation tests are currently
generally available for use in neuropsychological practice. A further obstacle lies in
the finding that common spatial neuropsychological tests, such as the Judgment of
Line Orientation, the Rey-Osterrieth/Taylor Complex Figure and the Corsi Block-
Tapping Task, are hardly able to reliably predict navigation behavior (e.g., Nadolne &
Stringer, 2001; van der Ham etal., 2013). It has been argued that this might result from
neuropsychological tests falling short in ecological validity (Chaytor & Schmitter-
Edgecombe, 2003), with regard to the ability to navigate. Ecological validity refers to
the extent to which a neuropsychological test is representative of everyday situations
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and denotes the degree to which the test results are generalizable to and predictive of
everyday life performance (P. W. Burgess etal., 2006).

A cognitive explanation for the inadequate ecological validity of common
neuropsychological spatial tests lies in the fact that they are carried out within near
or reaching space. Spatial navigation, in contrast, concerns interaction with large or
navigational space. Behavioral and neuropsychological studies have drawn attention
to this notion by showing that small-scale and large-scale spatial learning abilities
can be dissociated (e.g., Piccardi et al., 2010, 2011) and rely on partly independent
neural circuits (Nemmi, Boccia, Piccardi, Galati, & Guariglia, 2013). That is, patients
suffering from navigation impairment do not necessarily fail on the small-scale
spatial tests currently used in neuropsychological practice. These findings thus clearly
indicate that assessment of navigation behavior should be based on large-scale tasks
that closely resemble everyday navigation situations rather than using existing small-
scale spatial neuropsychological tests.

For scientific purposes, researchers have generally adopted two different
approaches to measure navigation ability in an objective manner: real-world and
virtual reality (VR) navigation tests. In a typical real-world navigation test, the
researcher takes the participant along a specific route in a building (for example, a
hospital) or on the streets. After this learning phase, participants are asked to retrace
the studied route (e.g., Barrash, Damasio, Adolphs, & Tranel, 2000) or tested on
their knowledge of it (e.g., van Asselen, Kessels et al., 2006). As the participant has to
physically follow the route, real-world navigation tests are likely to be closely related
to actual navigation performance. Nonetheless, real-world navigation tests are also
characterized by several serious limitations.

Firstly, real-world navigation tests are, by definition, bound to a specific indoor
or outdoor environment, for instance a particular hospital building (e.g., Barrash
et al., 2000). This is an essential problem, as a navigation test validated in a specific
environment is of limited use to clinicians at other locations. A second limitation
of real-world navigation testing lies in the fact that identical exposure to the test
environment during the learning phase of the route cannot be guaranteed across
participants, for example due to differences in exposure time. Moreover, it is hard to
control many other potential disturbing factors such as weather conditions, trafficand
noise (van der Ham, Faber, Venselaar, van Krefeld, & Loffler, 2015). Another potential
confounding factor is the participant’s familiarity with the test environment. Some
recent studies have shown that the degree of familiarity is an important factor to
address, as higher familiarity generally leads to better performance on navigation tests
(de Goede & Postma, 2015; lachini, Ruotolo, & Ruggiero, 2009; Prestopnik & Roskos-
Ewoldsen, 2000). More specifically, higher familiarity is associated with higher sense
of direction and greater reliance on a survey/allocentric navigation strategy (lachini
etal.,, 2009). Apart from the above limitations, real-world navigation test procedures
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also have some practical drawbacks. These tests can be rather time-consuming and
require the participant to be physically able to traverse the route. These disadvantages
make it nearly impossible to develop a well-validated real-world navigation test that
is widely applicable in neuropsychological practice around the world.

Virtual navigation tests have been proposed as a potential alternative to real-
world navigation tests, because VR testing is not restricted by the above limitations.
VR does not only allow for developing novel environments (to avoid issues with the
participant’s familiarity with the test environment), but also offers the researcher
the ability to generate realistic and highly controllable real-world simulations (Rose,
Brooks, & Rizzo, 2005). Most importantly, assessment of a well-validated virtual
navigation test is not bound to a specific location.

Itshould, however, also be mentioned that virtual navigation is associated with an
important drawback; the absence of locomotion. When passively studying a virtual
route, participants can only rely on visual cues or external landmarks. That is, passive
exposure to a virtual route does not provide the participant with vestibular cues or the
possibility to internally perceive the body in space. Yet, the sensory input of moving
through the environment has been implicated in the creation of an environmental
mental map (e.g., Chrastil & Warren, 2013; van der Ham et al., 2015), which contains
information about the relative positions of landmarks in an environment. It might
thus be possible that the validity of virtual navigation is compromised when it comes
to testing the survey knowledge aspects of a route.

The validity of virtual navigation tests has been studied several times in healthy
participants. Studies have not only suggested that transfer from real-world to virtual
environments is possible (Péruch, Belingard, & Thinus-Blanc, 2000; Wilson,
Foreman, & Tlauka, 1997; Witmer, Bailey, Knerr, & Parsons, 1996), but have also
shown equivalent navigation performance across real-world and virtual navigation
tests (Lloyd, Persaud, & Powell, 2009; Richardson, Montello, & Hegarty, 1999). Three
studies have addressed the equivalence of real-world and virtual navigation tests in
ABI patient groups. Cushman and colleagues (2008) compared performance on areal-
world navigation test to that on a virtual version. They found a strong correlation (r
= 73) across all participants, including MCI and early Alzheimer’s disease patients.
Sorita and colleagues (2013) compared a real-world and a virtual navigation test by
testing traumatic brain injury patients in a between-participants design. Whereas
route retracing performance was comparable in the real-world and virtual conditions,
patients in the real-world condition were better in scene ordering and a trend existed
for better sketch-mapping performance in this condition. The authors therefore
concluded that the spatial representations probably differed between the real-world
and virtual conditions. These two studies share the use of identical environments
in their real-world and virtual navigation tests. Busigny and colleagues (2014), in
contrast, applied different navigation tasks in their real-world and computerized tests.
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Nonetheless, they still reported a strong correlation (r = .80) between performances
on the two test procedures in the patient group. They, however, also argued that their
real-world navigation tests were more sensitive in revealing navigation impairment in
their patients with posterior cerebral artery infarctions.

In the current study, a group of 68 chronic stroke patients completed both a virtual
navigation test, i.e., the Virtual Tibingen test (Claessen, van der Ham, Jagersma, &
Visser-Meily, 2016; Claessen, Visser-Meily, Jagersma, Braspenning, & van der Ham,
2016; van der Ham et al., 2010), and a real-world navigation test. This was done to
verify the convergent validity of virtual navigation testing. The study focused on this
patientgroup, as they frequently complain about navigation problems after their stroke
event (van der Ham et al., 2013). The approach taken here is unique in two respects.
Firstly, the study relies on a large and representative sample of chronic stroke patients,
which is uncommon in the clinical literature on navigation ability. And, secondly, the
within-participants design allows a direct investigation of the relationship between
virtual and real-world navigation performance for which significant correlations are
expected. Stroke patients’ performances on the two navigation tests were compared
to that of a group of healthy control participants. It is expected that stroke patients
have more difficulties with the navigation tasks than controls and that performance is
comparable for the real-world and virtual environments. In contrast to Cushman and
colleagues (2008), different rather than identical environments were used in the real-
world and virtual tests to prevent unwanted learning effects.

METHODS

Participants

Sixty-eight chronic stroke patients (time post-stroke varied between 14 and 86
months, M = 38.4; SD = 15.3) were recruited from the rehabilitation clinic of De
Hoogstraat Revalidatie and the rehabilitation department of the University Medical
Center Utrecht (Utrecht, the Netherlands). Inclusion criteria were the ability to walk
independently and the absence of severe aphasia. In addition, 44 healthy participants
served as controls. Most of them were directly recruited by the experimenters
(relatives or acquaintances) or were partners of patients. None of them reported a
history of visual, neurological, psychiatric or mobility problems, or substance abuse.
Demographic data (gender, age and educational level) of all participants and stroke
characteristics (type and location) of the patients are provided in Table 1.

All participants provided written consent after being informed about the study’s
purpose. Participants received a small monetary compensation for engaging in the
study and their travelling costs were reimbursed. The procedures reported here
satisfied the regulations as set by the Declaration of Helsinki and were approved by
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the medical ethical review board of the University Medical Center Utrecht (protocol
no. 12-198). This study’s dataset results from a larger project on navigation ability in
stroke patients. A small proportion of these data are also presented in Claessen, Visser-
Meily, Jagersma, and colleagues (2016).

Materials and Procedure

Each assessment started with participants completing a brief neuropsychological
screening comprising four common neuropsychological tests. Next, the virtual and
real-world navigation tests were administered in fixed order. The virtual test was
always presented first, as we aimed to assess the virtual navigation test in as many
stroke patients as possible for the larger project. Participants were required to take a
break after the virtual navigation test to prevent fatigue. Additional breaks were given
on request in between the neuropsychological tests. It took participants two and a half
hours on average to complete the full assessment procedure. Six experimenters were
involved in data collection. All experimenters were trained and supervised by the
same researcher to minimize differences in the assessment of the tests.
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Table 1. Demographic data for patients and controls, and patients’ stroke characteristics.

Patients (n = 68) Controls (n = 44) test value P effect size
Age in years 59.5(12.5) 60.3(10.2) t<1 .708 -
Male/female (%) 57.4% / 42.6% 455%/545% x*=152 .218 Phi=-0.12
Education 5.2(1.4) 5.7 (0.9) u=1211 .077 r=-0.17
Stroke type
Ischemic stroke 54 (79.4%)
Hemorrhagic stroke
- Intracerebral 10 (14.7%)
- Subarachnoid 3 (4.4%)
Unspecified/unavailable 1(1.5%)
Stroke location
Supratentorial region
- Left 27 (39.7%)
- Right 29 (42.7%)
- Bilateral 1(1.5%)
Infratentorial region
- Left 2 (2.9%)
- Right 2 (2.9%)
- Bilateral 6 (8.8%)
Unspecified/unavailable 1(1.5%)

Note. The upper part of the table displays demographic data (age, gender, and educational
level based on Verhage (1964, possible range: 1-7)) for patients and healthy controls.
Differences in demographics were assessed using an independent t-test (age), a chi-
square test (gender), and a Mann-Whitney test (educational level). Standard deviations
are displayed in parentheses for age and educational level. The bottom part of the table
provides descriptive information on the stroke characteristics of the patient group.

Neuropsychological screening

The screening consisted of four neuropsychological tests administered in the order as

listed below. These commonly used tests were included to obtain a general indication

of the participants’ neuropsychological profile. The screening contained only tests

assessing the mostrelevant cognitive functions and was kept brief to ensure feasibility

of the entire assessment procedure for the stroke patients.

- TheDutchversion ofthe AdultReading Test (DART; in Dutch: NLV, ‘Nederlandse
Leestest voor Volwassenen’) was applied as a measure of premorbid intelligence
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(Schmand, Lindeboom, & van Harskamp, 1992). Raw scores were converted to
an estimated premorbid intelligence quotient adjusted for age, gender and level
of education.

- The CorsiBlock-Tapping Task wasused asarepresentative of visuospatial attention
span (forward condition: Kessels, van Zandvoort, Postma, Kappelle, & de Haan,
2000) and visuospatial working memory capacity (backward condition: Kessels,
van den Berg, Ruis, & Brands, 2008). Raw data were converted to percentiles
correcting for age.

- Measures of mental processing speed (part A) and divided attention (part B) were
obtained by means of the Trail Making Test (TMT; Reitan, 1992). Raw scores were
converted to percentiles based on the norms provided by the Neuropsychology
section of the Dutch Association of Psychologists (Schmand, Houx, & de Koning,
2012). These norms correct for the effects of age, gender and educational level and
provide three scores: part A, part B and part B corrected for performance on part A.

- TheDigit Span subtest of the WAIS-I1I (Wechsler, 1997) was used to measure verbal
working memory span. Norms correcting for age from the Dutch manual were used
to convert raw scores to a scaled score and an accompanying percentile score.

Navigation test batteries

Participants completed a virtual navigation test (Virtual Tibingen test; see Claessen,
van der Ham et al., 2016; Claessen, Visser-Meily, Jagersma et al., 2016; van der Ham
et al., 2010) and a real-world navigation test. Knowledge of the studied route was
assessed by way of eight subtasks in both navigation tests.

Virtual environment

In the learning phase, participants were shown one of two routes (see Figure 1A)
through a photorealistic virtual rendition of the German city Tiibingen (van Veen,
Distler, Braun, & Biilthoff, 1998), twice in immediate succession. The two movies
were nearly comparable in duration (A: 210 seconds and B: 253 seconds), similar in
distance (400 m) and in movement speed (somewhat above walking speed). Each
route contained eleven decision points. An actual left or right turn was taken at seven
of these decision points, whereas the route continued in straight-ahead direction at
the other four decision points. Eight subtasks were used to assess the participants’
knowledge of the studied route in the testing phase (see below).
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Figure 1. Maps of the two Virtual Tubingen routes and the route applied in the real-world test.

(A) The first map displays the two Virtual Tubingen routes (black and white arrows).
Each route segment is represented as an arrow. Starting locations of the routes are
marked with an S and the corresponding route number. (B) The second map shows
the route as used in the real-world navigation test (direct vicinity of rehabilitation
clinic "De Hoogstraat Revalidatie” in Utrecht, the Netherlands). Route segments

are displayed as arrows and the starting position of the route is marked with an S.
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Real-world environment

A route (426 m) through the immediate vicinity of the rehabilitation clinic of De
Hoogstraat Revalidatie was used for the real-world navigation test (see Figure 1B). This
environment is located in an urban area (Utrecht, the Netherlands). No exceptionally
salient landmarks or route signs were present along the test route. This environment
was used for the real-world navigation test for practical reasons. It would have been
impossible to take all participants to another test location that would be unfamiliar to
all of them.

The participant followed the experimenter throughout the route, which lasted
324.9 seconds (SD = 78.5 sec) on average. Experimenters were instructed to take the
walking speed of the participant into account. The configuration of the real-world
route was matched as closely as possible to the virtual route: it also contained eleven
decision points including seven actual left or right turns. The route continued in
straight-ahead direction at the remaining four decision points. The participant was
requested to perform the eight subtasks as described below for the real-world route
upon return in the test room. Participants were asked to indicate their familiarity with
the real-world environment at the end of the test procedure (1 = “not familiar at all”
to 7 = “highly familiar”). We asked for this information, as nearly half of the patients
had completed their rehabilitation in the rehabilitation clinic of the De Hoogstraat
Revalidatie. They might thus have been more familiar with the test environment than
the patients recruited through the University Medical Center Utrecht and the healthy
control participants.

Navigational subtasks

The navigation tests contained eight subtasks assessed in the order of appearance

below. The first four subtasks address route knowledge aspects, while the latter four

subtasks rely on integration of the geometrical aspects of the environment, which is
considered survey knowledge.

- Scene Recognition. Twenty-two images of decision points taken from the studied
route were presented to the participant. Eleven of these images? were targets (i.e.,
encountered during the route), whereas the other eleven scenes were distractors.
Scoring: Number of correct responses, range: 0—22.

- Route Continuation. The eleven decision points taken from the route were
presented one-by-one in random order. Participants were asked to indicate the
direction in which the route continued at each decision point. Scoring: Number of
correct responses, range: 0—11.

- Route Sequence. Participants were requested to indicate the sequence of turns as
taken during the route. They responded by arranging a set of arrow cards. Only

2 These eleven decision point images were also used for the route continuation and route order subtasks.
Images were taken right in front of the decision point depicting all possible directions.

125




CHAPTER 5

actual turns (i.e., left and right turns) were considered. Accuracy: Number of
correctly indicated turns in the sequence, range 0-7.

- Route Order. Participants were instructed to reconstruct the order in which eleven
images of decision points occurred during the route. Scoring: Three points for
each image assigned to its correct position in the sequence; two points for images
assigned one position too late or too early; one point for images assigned two
positions away from correct placement (range: 0—33).

- Distance Estimation. Participants were requested to provide a distance estimate
of the studied route. Scoring: Absolute deviation from the correct response in
meters.

- Duration Estimation. Participants were required to provide a duration estimate
of the studied route. Scoring: Absolute deviation from the correct response in
seconds.

- Route Drawing. Participants were asked to draw the studied route on a map of the
test environment. Only the starting point and the correct starting direction were
already provided. Scoring: One point for each correctly indicated direction (left
turn, straight forward or right turn) at relevant decision points, range: o-11.

- Map Recognition. Participants had to select the correct map of the route out of four
options. Scoring: Correct or incorrect.

Statistical Analysis

Differences in demographics were assessed using an independent t-test (age), a chi-
square test (gender), and a Mann-Whitney test (educational level). Group differences
on neuropsychological measures were investigated using independent t-tests. Self-
rated familiarity with the real-world environment between the groups was tested
usingan independent t-test. Relationships between familiarity and real-world subtask
performance were investigated by way of a Pearson correlation analysis. A semi-
partial correlation analysis was performed to assess relationships between subtask
scores on the real-world and virtual navigation tests while controlling for the effect
of familiarity on real-world navigation performance. A repeated measures analysis
of covariance (ANCOVA) was then performed for each subtask, with environment
(real-world vs. virtual) as within-subject factor and group (healthy controls vs. stroke
patients) as between-subject factor. ANCOVAs were corrected for educational level
and familiarity with the real-world environment, due to the (trend-level) differences
between controls and patients on these variables (see Tables 1and 3). Due to its ordinal
scale, educational level was recoded into low and high levels (1—4 vs. 5—7; Verhage,
1964) and included as a between-subject factor rather than as a covariate. Familiarity
with the real-world environment was taken into account as a covariate. In case the
initial analysis indicated a significant contribution of educational level and/or
familiarity (p <.05), these variables were maintained in the ANCOVA.
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The real-world Scene Recognition score of one patient was missing due to a
technical problem. Moreover, one patient did not provide distance and duration
estimates for the real-world route. Alpha level was set to .05 for all statistical tests.
Analyses were performed using IBM SPSS Statistics version 22.0.

RESULTS

Demographics and neuropsychological screening

Patients and controls were comparable in terms of age and gender (p = 708 and p =
.218 respectively, see Table 1). The comparison of educational level between the groups
was also non-significant, buta trend (p =.077) existed for patients being slightly lower
educated than controls. Patients obtained significantly lower scores on the majority of
the neuropsychological screening tasks compared to controls (see Table 2).

Self-rated familiarity with the real-world environment

Patients were significantly more familiar (M = 4.88, SD = 1.88) with the real-world
environment than controls (M = 1.66, SD = 1.40), t (107.80) = -10.39, p < .001, ¥ =
.71. Hence, a Pearson correlation analysis was conducted to verify the relationship
between self-rated familiarity with the environment and performance on the real-
world navigation subtasks (see Table 3). Only one significant correlation was found
in the control group (Scene Recognition). In the patient group, two correlations
were found to be significant (Scene Recognition and Route Order) and two other
correlations reached trend level (Route Continuation and Route Sequence).
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Table 2. Neuropsychological screening results for patients and controls.

Patients (n = 68) Controls (n = 44) t P Effect size r

Dutch Adult Reading Test (IQ) 97.5(17.0) 110.9 (12.9) 470 <.001* 0.41
Corsi Block-Tapping Task

- forward (span x score) 37.8(15.8) 42.6 (12.9) 1.67 .097 0.16

- backward (span x score) 38.8 (20.5) 46.6 (16.3) 2.25 .027* 0.21
Trail Making Test

- Part A (seconds) 57.3(39.0) 35.6(12.3) -4.26 <.001* 0.42

- Part B (seconds) 124.8 (85.6) 74.0 (24.9) -4.54 < .001* 0.45

-Part B (B/A) 2.4(1.0) 2.2(0.6) -1.59 116 0.15
Digit Span (WAIS-III)

- forward (score) 7.7 (1.8) 8.7 (1.6) 3.00 .003* 0.27

- backward (score) 5.1(1.9) 6.2 (2.0) 2.91 .004* 0.27

Note. Group differences were tested by way of independent t-tests. Effect size r is reported

for significant results. Standard deviations are displayed in parentheses. * p < .05

Table 3. Correlations between self-rated familiarity with the real-world environment and

performance on the real-world navigation subtasks for patients and controls.

Patients Controls
r P r P
Scene Recognition .352 .003* .330 .031*
Route Continuation .206 .092 213 166
Route Sequence .237 .052 A71 .266
Route Order 414 <.001* 2211 114
Distance Estimation 114 .356 .021 .891
Duration Estimation -.074 .551 -.163 291
Route Drawing 192 116 -.039 .802
Map Recognition .130 .292 -.001 .992

Note. Displayed correlations are based on Pearson correlation coefficients, only the correla-
tions of the Map Recognition subtask concern point-biserial correlation coefficients.
*p<.05
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Relationship between the real-world and Virtual Tiibingen navigation tests
Semi-partial correlations reached significance for three subtasks in controls, together
with four significant correlations and one trend-level (p = .077) correlation in the
patient group (see Table 4). A composite score of overall performance was calculated
for the real-world and virtual navigation tests in the patient group (based on the
means and standard deviations of controls). The semi-partial correlation between the
two composite scores was moderate in degree, r = .535, p < .001, indicating moderate
overall overlap between the two navigation tests in patients. Two further analyses
were performed using separate composite scores for the route and survey knowledge
subtasks (see Methods section). Moderate overlap was found between the two route
knowledge composite scores, r = .523, p < .001, whereas the correlation between the
two survey knowledge composite scores was weak to moderate, r=.442, p <.001.

Effects of group and environment on navigation performance

Results of the repeated measures ANCOVAs for each of the eight subtasks are
presented in Table 5. A significant main-effect of group was found for seven out of
the eight subtasks showing that patients had more difficulties with the navigation
tasks than controls. The main-effect of environment was significant for six out of the
eight subtasks indicating higher performance based on the real-world environment
in comparison to the virtual environment. More importantly, the interaction-effect
between group and environment was non-significant for all subtasks (except for one
trend-level interaction-effect, p =.053, on the Route Continuation task), meaning that
the differences in performance between patients and controls were similar in the real-
world and virtual environment.
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Table 4. Performance on the eight subtasks of the virtual and real-world navigation tests

and their correlations, displayed for patients and controls separately.

Virtual environment ~ Real-world environment Correlation
Mean (SD) Mean (SD) VT-Eco, r P
Stroke patients
Scene Recognition 16.8 (2.4) 18.6 (2.2) 216 .077
Route Continuation 7.0(2.0) 8.0(1.6) 269 .027*
Route Sequence 3.5(1.9) 4.7 (1.7) 266 .029*
Route Order 15.0 (6.6) 25.6 (6.8) .350 .003*
Distance Estimation 1468.7 (1342.3) 535.7 (1320.5) .306 .012*
Duration Estimation 427.7 (796.0) 319.5(274.4) .035 776
Route Drawing 4.0 (3.0) 8.0 (3.0) -.028 .823
Map Recognition 44.1% correct 85.3% correct -.141 .253
Healthy controls

Scene Recognition 18.0 (2.0) 18.5(1.8) .071 649
Route Continuation 8.1(1.9) 8.4 (1.3) 371 .013*
Route Sequence 3.7(1.9 5.3(1.4) .039 .801
Route Order 18.3(7.2) 25.2(7.2) .306 .043*
Distance Estimation 1294.3 (1209.9) 174.7 (373.9) .558 < .001*
Duration Estimation 103.2 (471.1) 117.2(194.9) .206 .170
Route Drawing 5.3(3.2) 8.8 (2.3) .210 170
Map Recognition 63.6% correct 93.2% correct 170 269

Note. Relationships between virtual and real-world navigation performance were investigated
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on real-world navigation performance. The (uncorrected) point-biserial correlation was
applied for the Map Recognition subtask. Possible range of scores: Scene Recognition
= 0-22, Route Continuation = 0-11, Route Sequence = 0-7, Route Order = 0-33,
Distance Estimation = Absolute deviation from correct response in meters, Duration
Estimation = Absolute deviation from correct response in seconds, Route Drawing =
0-11, and Map Recognition = correct or incorrect. * p < .05
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Table 5. Main effects of group and environment on the navigation tests, together with the

interaction effect between group and environment.

Group

Environment

Group x Environment

Scene Recognition

Route Continuation

F(1,108) = 8.89,
p < .01, np? = .08*

F(1,110) = 8.15,
p < .01, pp?=.07*

F<1

F(1,110) = 10.32,
p < .01, np? = .09*

F<1

F(1,110) = 3.83,
p =.053, np? =.03

Route S n F(1,109) = 6.46, F(1,109) = 5.46, F(1,109) = 1.65,
oute »equence p = .01, np? = .06* p = .02, np? = .05* p = .20, np? = .02
F(1,109) = 8.55, F(1,109) = 10.95,
Route Order p<.01, np? = .07* p < .01, np? = .09* F<i
. o F(1,109) = 1.33, F(1,109) = 51.86,
Distance Estimation p=.25 p <.01, np? = .32* F<1
. o F(1,109) = 7.98,
Duration Estimation p<.01, np? = .07 F<1 F<1
. F(1,109) = 10.28, F(1,109) = 23.26,
Route Drawing p < .01, np? = .09* p< .01, np? = .18* F<1
. F(1,110)=5.98, p = F(1,110) = 37.09, F(1,110) = 1.00,
Map Recognition 02, npz = 05* p<.01, I]pZ = 25* p=.32, npz =01

Note. ANCOVAs were corrected for educational level and familiarity with the real-world
environment, in case a significant contribution of these variables to performance on
that subtask existed (p < .05). * p < .05

DISCUSSION

The primary objective of this study was to establish the relationship between
performance on a real-world and a virtual navigation test in chronic stroke patients.
This was done to investigate whether virtual navigation testing might be a valid
alternative to real-world navigation testing, as the latter type of testing is usually
associated with many practical limitations.

In line with expectations, there were significant correlations between four
subtasks as assessed in both navigation tests in the group of stroke patients. More
specifically, real-world and virtual performance on subtasks addressing place-action
associations (Route Continuation), order of turns (Route Sequence), order of scenes
(Route Order) and Distance Estimation was significantly correlated. These findings
seem to suggest that virtual navigation testing is only valid for the administration
of route knowledge aspects. That is, three of the four route knowledge subtasks
correlated across the environments, whereas this was only the case for one of the
four survey knowledge subtasks. Further analyses based on separate composite
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scores for route and survey knowledge subtasks, however, indicate that this initial
conclusion is not correct. Route knowledge composite scores were moderately
correlated across the real-world and virtual environments, whereas this correlation
was lower but still weak to moderate in degree for the survey knowledge composite
scores. Furthermore, the composite scores of overall performance were found to
be moderately related indicating moderate overlap between performance on the
real-world and virtual navigation tests in patients. These correlation analyses were
based on semi-partial correlation coefficients to correct for the effect of self-rated
familiarity on real-world performance. With regard to the administration of route
knowledge, the current findings thus provide evidence in favor of the convergent
validity of virtual navigation testing as an alternative to real-world navigation tests.
In addition, when performance on the survey knowledge subtasks is combined
into a single composite score, virtual navigation testing might also be suitable for
measuring survey knowledge.

A different series of analyses was performed to compare navigation performance
of stroke patients to that of healthy controls. The hypothesis that patients would
experience more difficulties with the navigation tasks than controls was supported
by this analysis. Patients indeed scored significantly lower than controls on seven
subtasks with the exception of the Distance Estimation subtask. Furthermore, it was
found that the real-world and virtual navigation tests were not equal in their level of
difficulty. Regardless of group, performance on the real-world test was significantly
better on six out of the eight subtasks as compared to performance on the virtual
navigation task. Nevertheless, none of the interaction-effects between group and
environment reached significance. This finding indicates that the difference in real-
world and virtual navigation performance was thus similar for patients and controls.
Importantly, these results were obtained after statistical corrections for the (trend-
level) differences between patients and controls on educational level and self-reported
familiarity with the real-world environment were applied.

The correlational analysis as described above has indicated moderate overlap
between scores on the virtual and real-world navigation tests. Although this result
corroborates findings of earlier studies showing overlap between real-world and
virtual navigation performance (Busigny et al., 2014; Cushman et al., 2008; Sorita et
al. 2013), the correlation between the composite scores was somewhat weaker than
reported by two of these studies (Busigny et al., 2014; Cushman et al., 2008). This
mightin partbe a result of methodological differences between these studies and ours.
Cushman and colleagues (2008) used exactly the same environment and subtasks
in both test procedures, whereas Busigny and colleagues (2014) employed rather
different navigation tasks in the real-world and virtual conditions. Both studies relied
on a within-subject design. In contrast, we administered the same eight subtasks in
the real-world and virtual tests, but used different environments. As a consequence,
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learning effects with regard to the environment cannot have occurred in our study
between the real-world and virtual navigation tests.

When comparing navigation performance based on the two different
environments, results showed that the virtual navigation test was consistently more
difficult than the real-world navigation test in both groups. Several factors could be
responsible for this difference in performance, for example differences in the scenery
of the environments or in the configuration of the routes. In our view, however, the
higher performance level in the real-world test is the primary result of the fact that
the exposure to the real-world environment allowed for a more complete navigation
experience. More specifically, previous studies have argued that information from
multiple sensory systems contributes to navigation behavior: visual, vestibular and
proprioceptive information (Berthoz & Viaud-Delmon, 1999). Whereas exposure to
the virtual environment provided participants only with visual information, exploring
the real-world environment allowed for integration of visual and physical information
(i.e., vestibular and proprioceptive cues). We pose that elevated performance in the
real-world test relative to the virtual test follows from the fact that multisensory
integration is only possible in the former.

Recent studies have speculated that locomotion contributes to the acquisition of
survey knowledge, while visual information alone mightbe sufficient for acquiring route
knowledge (e.g., Chrastil & Warren, 2013; van der Ham et al., 2015). In our study, three
of the four subtasks that correlated significantly across the real-world and virtual tests
in the patient group concerned route knowledge aspects (i.e., place-action associations,
the order of turns and scenes). On the other hand, most of the subtasks relying on
survey knowledge aspects showed no significant correlations between real-world and
virtual performance. When performance on individual survey knowledge subtasks was,
however, combined into a composite score, a weak to moderate correlation was found
between the real-world and virtual tests. Although it might thus be necessary to combine
performances due to the single-trial nature of three survey knowledge subtasks, these
findings suggest that the acquisition of survey knowledge can be measured in a virtual
navigation test.

In the current study, self-reported familiarity with the real-world environment
was taken into account, as the patient group was more familiar with the real-world
environment than controls. This was due to the fact that half of the patients had stayed
in the rehabilitation center that is situated in the environment that was used for the
real-world navigation test. A correlation analysis showed that familiarity was positively
correlated to performance on tasks assessing route knowledge (i.e., recognition of scenes
and their order; trends for place-action associationsand order of turns) butnot to the survey
knowledge subtasks in patients. We hypothesize that previous exposure or exposures to
the real-world environment might have helped them to infer what landmarks could or
could not be present or logically follow each other in the studied route.
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The current study has several notable strengths. An important strength is that,
in comparison to earlier work, this study incorporates a relatively large sample of
chronic stroke patients. The fact that patients with various stroke types and locations
are included in our sample allows the current results to be broadly generalized to the
stroke patient population. A further strength of our study lies in the fact that the same
eight subtasks were assessed for the real-world and virtual navigation tests, while
each test was based on a different environment. This enabled us, due to the within-
subject design, to directly compare real-world and virtual navigation performance
within each participant.

Some limitations should be discussed. Firstly, information with regard to the
neuropsychological status of the patients was relatively limited. For example, no
information was available on the presence of visuospatial neglect, a syndrome that
mightaffect navigation performance (De Nigris etal., 2013; Guariglia etal., 2005; Nico
et al.,, 2008). Furthermore, for practical considerations, the virtual navigation test
was administered first in all participants. Performance in the real-world test might
thus be elevated because the participants were already familiar with the content of
the eight subtasks. However, it remains unlikely that this fixed order influenced
the relationship between real-world and virtual navigation performance itself.
Furthermore, the fact that the patient group was more familiar with the environment
as used in the real-world navigation test, might be regarded as a limitation of the
study. However, statistical corrections for this difference were applied by taking self-
rated familiarity with the real-world environment into account. We also state that
this group difference in familiarity with the real-world environment clearly illustrates
an important practical limitation associated with any real-world navigation test. In
contrast, a virtual navigation test can be assessed in a highly standardized manner,
guaranteeing equal exposure and familiarity across participants.

In summary, this study compared performance on a real-world and a virtual
navigation test in 68 chronic stroke patients. Results demonstrated a moderate
correlation between composite scores on the two navigation tests. Additional
analyses indicated moderate overlap between real-world and virtual performance
on route knowledge subtasks, whereas this relationship was weak to moderate for
subtasks addressing survey knowledge aspects. These findings suggest that virtual
navigation testing could serve as a valid alternative to real-world navigation tests. As
anext step in this line of research, the Virtual Tiibingen test should be administered
in a large, heterogeneous group of healthy participants. This is necessary to
generate normative data which would allow implementation of the test in clinical
neuropsychological practice.
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CHAPTER 6

ABSTRACT

Objective: In a recent systematic review, Claessen and van der Ham (2017) have
analyzed the types of navigation impairment in the single-case study literature. Three
dissociable types related to landmarks, locations, and paths were identified. This
recent model as well as previous models of navigation impairment have never been
verified in a systematic manner. The aim of the current study was thus to investigate
the prevalence of landmark-based, location-based, and path-based navigation
impairment in a large sample of stroke patients.

Method: Navigation ability of 77 stroke patients in the chronic phase and 60 healthy
participants was comprehensively evaluated using the Virtual Tiibingen test, which
contains twelve subtasks addressing various aspects of knowledge about landmarks,
locations, and paths based on a newly learned virtual route. Participants also filled
out the Wayfinding Questionnaire to allow for making a distinction between stroke
patients with and without significant subjective navigation-related complaints.
Results: Analysis of responses on the Wayfinding Questionnaire indicated that 33 of
the 77 participating stroke patients had significant navigation-related complaints. An
examination of their performance on the Virtual Tiibingen test established objective
evidence for navigation impairment in 27 patients. Both landmark-based and path-
based navigation impairment occurred in isolation, while location-based navigation
impairment was only found along with the other two types.

Conclusions: The current study provides the first empirical support for the distinction
between landmark-based, location-based, and path-based navigation impairment.
Future research relying on other assessment instruments of navigation ability might
be helpful to further validate this distinction.
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INTRODUCTION

Spatial navigation is the complex ability that allows us to familiarize ourselves with
new environments and to find our way around in environments that we already know
(Wolbers & Hegarty, 2010). This ability is crucial to many tasks we encounter on a
daily basis, such as driving from home to work (and back), reaching the kitchen from
the living room in our own home or visiting someone in an unfamiliar city.

The importance of navigation ability in daily life activities is clearly illustrated
by neurological patients who report difficulties with navigation as a consequence of
their brain damage. For instance, nearly a third of chronic stroke patients complain
about such difficulties. Their self-reported navigation problems were associated with
significant reductions of autonomy and quality of life (van der Ham, Kant, Postma, &
Visser-Meily, 2013). Impaired navigation ability has not only been reported in stroke
patients (Busigny etal., 2014; van Asselen, Kessels etal.,2006), butalso in other clinical
groups, such as traumatic brain injury patients (Livingstone & Skelton, 2007), and
patients suffering from mild cognitive impairment or Alzheimer’s disease (Cushman,
Stein, & Duffy, 2008; delpolyi, Rankin, Mucke, Miller, & Gorno-Tempini, 2007).

Navigation ability has increasingly been recognized as a highly complex cognitive
constructand relying upon the integration of many cognitive mechanisms (Brunsdon,
Nickels, & Coltheart, 2007; Wiener, Biichner, & Holscher, 2009; Wolbers & Hegarty,
2010). Clinical researchers have therefore attempted to verify whether distinct types
of impairments might underlie navigation problems depending on the cognitive
mechanisms affected. These clinical studies can be roughly divided into two
approaches: the single-case study approach and the group study approach. Single-case
studies are applied on a regular basis in neuropsychology (McIntosh & Brooks, 2011)
and have proven to be highly important for the study of navigation impairment. Case
studies usually provide a specific pattern of impaired and intact navigation skills in
individual neurological patients with navigation-related complaints. In 1999, Aguirre
and D’Esposito published a comprehensive review of the single-case literature on
navigation impairment. They distinguished between four types of impairments
(egocentric disorientation, heading disorientation, landmark agnosia, and anterograde
disorientation), and linked each type to a specific lesion location. This review has had
a profound influence on the study of navigation impairment in neurological patients
through case studies in particular. However, the prevalence of these distinct types of
navigation impairment has never been investigated in systematic studies based on
groups of neurological patients.

Many new case studies on navigation impairment have been published since
1999 (e.g., Caglio, Castelli, Cerrato, & Latini-Corazzini, 2011; Ciaramelli, 2008;
Ruggiero, Frassinetti, [avarone, & lachini, 2014; van der Ham et al., 2010) and it thus
appeared high time for an updated analysis of the types of navigation impairments
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as described in this literature. Such an analysis has obvious theoretical implications
for the cognitive architecture of navigation ability, but it would also offer guidance
to assessment of navigation ability in clinical practice. A recent paper has therefore
provided such an update through a systematic literature review (Claessen & van der
Ham, 2017). Detailed analysis of all relevant case reports revealed three main types of
navigation impairments; deficits in landmark, location, and path knowledge.

Landmark-based navigation impairment entails problems with navigation due to
defective processing of landmarks or environmental scenes. Patients with location-
based navigation impairment suffer from defective acquisition and/or recall of
knowledge about landmark locations and how these places relate to each other. They
are likely to fail when asked to indicate the absolute or relative locations of landmarks
or to point into their directions when (imagining) standing at a particular location.
They also have difficulties with drawing correct maps and with providing accurate
route descriptions between locations. Path-based navigation impairment, the most
complex category, is associated with difficulties regarding knowledge about the
paths that connect locations. Consequently, patients might experience problems in
using maps or spatial information alone (e.g., the metrical structure of paths) for the
purpose of navigation. Similar to patients with location-based navigation impairment,
they might be unable to provide correct maps and route descriptions. While some
overlap between location and path knowledge is evident, the case report on patient
T.T. (Maguire, Nannery, & Spiers, 2006) shows that they can be dissociated. T.T’s
navigation problems occur when he has to use the fine-grained structure of paths
between London landmarks, but he is accurate when he can rely on main roads only.
This performance pattern suggests intact knowledge of locations, while his knowledge
of non-main roads is compromised.

Apart from the single-case study approach, navigation impairment has also been
investigated more systematically in group studies on neurological patients. The
rigorous and large-scale approach of such studies has attracted attention to navigation
problems in several neurological disorders. Group studies have also contributed to
knowledge on the neurocognitive architecture of navigation ability by correlating
navigation performance to lesion characteristics (see e.g., Barrash, Damasio, Adolphs,
& Tranel, 2000; Busigny etal., 2014; van Asselen, Kessels et al., 2006). Strikingly, the
group study approach hasneverbeen applied to systematically and empirically validate
the types of navigation impairment as suggested by the single-case study literature.
To our knowledge, not a single group study has ever provided a systematic evaluation
of Aguirre and D’Esposito’s model in a large sample of neurological patients, let alone
the model as recently described by Claessen and van der Ham (2017).

Hence, the current study is intended to provide a systematic assessment of the
three types of navigation impairment in a large group of stroke patients in the chronic
phase. Navigation ability in a virtual reality setting was therefore systematically
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assessed using the Virtual Tibingen (VT) test (see e.g., Claessen, van der Ham,
Jagersma, & Visser-Meily, 2016; Claessen, Visser-Meily, Jagersma, Braspenning, &
van der Ham, 2016). This test is a valid measure of real-world navigation ability in
stroke patients (Claessen, Visser-Meily, de Rooij, Postma, & van der Ham, 2016a) and
is comprised of twelve subtasks that are frequently used in the navigation literature
(e.g., Arnold etal., 2013; Busigny etal., 2014; Liu, Levy, Barton, & Iaria, 2011; Maguire,
Burke, Phillips, & Staunton, 1996; Sorita et al., 2013; van Asselen, Kessels et al.,
2006). Based on the patients’ VT subtask performances, the prevalence of each type
of navigation impairment will be determined. While the three types of navigation
impairment are expected to be dissociable (i.e., can occur in isolation), they are not
necessarily exclusive. It is therefore anticipated that some patients will suffer from
more than one type of navigation impairment.

METHOD

Participants

Eighty-onestroke patients, livingin the community, wererecruited from rehabilitation
center De Hoogstraat Revalidatie Utrecht and the rehabilitation department of the
University Medical Center Utrecht (the Netherlands). Patients were considered
eligible to participate when they were able to walk independently and no indications
of severe aphasia or neglect were evident. None of the healthy controls suffered
from any visual, neurological, psychiatric, or mobility problems and did not report a
history of substance abuse. When willing to participate, participants provided written
informed consent after the nature of the study was explained. They received monetary
compensation for study participation.

Study approval was provided by the medical ethical committee of the University
Medical Center Utrecht (the Netherlands; protocol no. 12-198) and the study design
complied with the Declaration of Helsinki. The data presented here are part of a larger
project into navigation ability in stroke patients. Portions of this data set have been used
in earlier studies (Claessen, Visser-Meily, de Rooij et al., 2016a; Claessen, Visser-Meily,
Jagersmaetal., 2016; de Rooij, Claessen, van der Ham, Post, & Visser-Meily, submitted).

Procedure

Participants were invited to rehabilitation center De Hoogstraat (Utrecht, the
Netherlands) for assessment. Participants were asked to complete the Wayfinding
Questionnaire (WQ) and were subjected to a cognitive screening based on four
common neuropsychological tasks. Participants then performed an extensive
navigation test, the Virtual Tibingen (VT) test. When a short break was requested,
it was held between the cognitive screening and the VT test. No breaks were allowed
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during the VT test to prevent differences in the time span between watching the
virtual route and the administration of the VT subtasks across participants.

Materials

Wayfinding Questionnaire

The Wayfinding Questionnaire (WQ) is a self-report instrument for navigation-
related complaints (Claessen, Visser-Meily, de Rooij, Postma, & van der Ham, 2016b;
de Rooij etal., submitted; van der Ham etal., 2013). The WQ contains 22 items divided
over three subscales: “Navigation and Orientation” (11 items), “Spatial Anxiety” (8
items), “Distance Estimation” (3 items). Scores range from 1 to 7. Higher numbers
indicate high navigation ability and low spatial anxiety.

Cognitive screening

The cognitive screening consisted of four common neuropsychological tasks. These

tasks were chosen to gain a general impression of the participants’ neuropsychological

functioning. Administration was in the following fixed order:

- The Dutch version of the Adult Reading Test was applied to measure premorbid
intelligence (Schmand, Lindeboom, & van Harskamp, 1992). An estimated
premorbid intelligence quotient was obtained by adjusting the raw score for age,
gender, and educational level.

- The Corsi Block-Tapping Task served as a measure of visuospatial attention span
(forward condition: Kessels, van Zandvoort, Postma, Kappelle, & de Haan, 2000)
and visuospatial working memory span (backward condition: Kessels, van den
Berg, Ruis, & Brands, 2008).

- The Trail Making Test (TMT; Reitan, 1992) was administered to obtain measures
of mental processing speed (part A) and divided attention (part B).

- Verbal working memory span was measured using the Digit Span subtest of the
WAIS-III (Wechsler, 1997).

Virtual Tiibingen test

The Virtual Tibingen (VT) test (Claessen, van der Ham et al., 2016; Claessen, Visser-
Meily, de Roojj et al., 2016a; Claessen, Visser-Meily, Jagersma et al., 2016; van der
Ham et al., 2010) comprised a learning phase and a test phase. In the learning phase,
participants watched a movie depicting a route through a realistic virtual reproduction
of the German city Ttibingen twice (van Veen, Distler, Braun, & Biilthoff, 1998). They
were instructed to remember as much as possible from the route.

Two differentroutes were developed that were counterbalanced across participants
(see Figure 1a in Claessen, Visser-Meily, de Rooij et al., 20164, for a map). The routes
were highly comparable in duration (210 and 253 seconds), and equal in distance
(analogous to 400 meters), speed (slightly above walking speed), and the number of
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decision points (seven actual left and right turns and straight ahead on four decision
points). A laptop (17.3-inch diagonal HD4 display) was used to present the movie.
After having watched the virtual route two times, the test phase started. The full
VT test battery consisted of twelve subtasks, directly related to the studied virtual
route. Subtasks were administered in the following fixed order:
1. Scene Recognition. Twenty-two images (1075 x 806, 68 dpi) of decision points
taken from VT (see Figure 1 for an example) were presented to the participant one-
by-one in random order. Half of these images were encountered during the route,
whereas the other half depicted scenes in VT that were not shown in the route.
Accuracy: number of correct responses, range: 0—22.
2. Route Continuation. Eleven decision points taken from the route were presented
one-by-one in random order to the participant. They were requested to indicate
in what direction the route continued at each decision point. Accuracy: number of
correct responses, range: o—11.
3. Route Sequence. Participants had to indicate the sequence of turns as taken
during the route. They were instructed to do so by using printed arrows. Only
actual turns (i.e., left and right turns) were taken into account. Accuracy: number
of correctly indicated turns in the sequence, range o-7.
4.Route Order. A set of eleven printed images was provided with the instruction to
reconstruct the order in which the scenes were encountered in the route. Scoring:
Three points were awarded for each scene assigned to its correct position in the
sequence; two points for scenes assigned one position too late or too early; a single
point for scenes two positions away from correct placement, range 0—33.

5. Route Progression. Participants were shown one-by-one eleven images taken from
the route accompanied by a piece of paper with a printed line (17.8 cm) on it. They
were asked to mark the location of the presented scene on the line which represented
the total distance of the route. Scoring: an averaged deviation score was calculated
over eleven trials, range o-1. A score of 1 represented perfect performance.

6. Route Distance. Participants were shown scenes taken from the route in pairwise
fashion. Each trial was accompanied by a printed line along with the instruction to
mark the distance between the two scenes relative to the total length of the route.
Scoring: an averaged deviation score was calculated over nine trials, range o-1. A
score of 1 represented perfect performance.

7. Pointing to Start. Participants were shown eleven images from the route in one-
by-one fashion. They were asked to point to the starting point of the route for
each scene using a rotational device. Scoring: average deviation of degrees from
the correct response, range: 0-180 degrees.

8. Pointing to End. Similar to subtask 7, but here participants were required to point
to the end point of the route using the rotational device. Scoring: average deviation
of degrees from the correct response, range: 0o-180 degrees.
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9. Distance Estimation. Participants were requested to estimate the distance of the
route. Scoring: absolute deviation from the correct response (400 m) in meters,
regardless of underestimation or overestimation.
10. Duration Estimation. Participants were asked to estimate the duration of
the route as shown in the movie. Scoring: absolute deviation in seconds from
the correct response (route A: 210 seconds; route B: 253 seconds), regardless of
underestimation or overestimation.
11. Route Drawing. Participants were provided with a schematic map of VT and
asked to draw the route on it. Only the starting point and the correct direction
were shown. Scoring: one point was awarded for each correctly indicated turn
(left, straight forward, or right) at relevant decision points, range: o-11.
12. Map Recognition. Participants were requested to select the correct map of the
route out of four options. Scoring: correct or incorrect.
Subtasks 1, 2, 7, and 8 were assessed on a laptop using Presentation software (version
16.3; Neurobehavioral Systems). All other subtasks were paper-and-pencil tasks.

Figure 1. Impression of Virtual Tubingen.
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VT subtask classification

Performance on the VT test was interpreted based on the model presented by Claessen
and van der Ham (2017). This model has described three main types of navigation
impairmentsrelated to knowledge aboutlandmarks, locations, and paths. The VT subtasks
assess aspects of these types of knowledge and can be linked to the model in the following
way: landmark knowledge (Scene Recognition), location knowledge (Pointing to Start,
Pointing to End), and path knowledge (Route Continuation, Route Sequence, Route
Order, Route Progression, Route Distance, Distance Estimation, Duration Estimation,
Route Drawing, Map Recognition). Path knowledge was extensively represented in the
VT test, which is directly related to the complexity of the concept of “path”.

Statistical analysis
Demographic characteristics of patients and controls were compared: age, educational
level (independent t-tests), and gender distribution (chi-square test). Independent
t-tests assessed group differences on the neuropsychological tasks. Next, to compare
performance of patients and controls on the VT subtasks, univariate analyses of
covariance with educational level as a covariate were conducted for each subtask. Due
to the nominal scale of the Map Recognition subtask (correct or incorrect), a chi square
test was applied to test whether patients and controls differed in their performance.
Effectsizes of significantresultsare reported as Pearson’s v (small = 0.10~0.29, medium
= 0.30-0.49, large > 0.50) or partial eta squared (ypz; small = 0.01-0.05, medium =
0.06-0.12, large > 0.13). The number of participants with an impaired score on each
subtask was calculated by converting subtest scores to z-scores based on means and
standard deviations of the control group. It is a common approach in neuropsychology
to mark the lowest 5% of performances as impaired, which corresponds to z-scores
lower than -1.64 SD of the mean of the control group.

All p-values of < .05 were considered to be statistically significant. The statistical
procedures were performed using SPSS version 23.0.

RESULTS

Demographics and cognitive screening

Data of five participants was excluded from the data set. Three patients and one healthy
control reported a lack of motivation during testing and one patient suffered from serious
motion sickness during the VT test. The final study sample thus consisted of 77 patients
(M =59.9 years, SD =12.1, 5§8% males) and 60 healthy controls (M = 58.5 years, SD = 9.8,
47% males). The groups were comparable in terms of age (t < 1) and gender (*=1.88, p
= .171). Patients had an educational level of 5.2 (SD =1.4) (Verhage 1964; possible range
1-7) and the educational level of controls was 5.6 (SD = 0.9); this difference was not
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statistically significant but reached trend level (t=-1.90, df=131.35, p =.059). Educational
level was therefore entered as covariant in the group comparisons between patients and
controls on VT subtask performances. Information on time between first stroke event
and study participation was available for 74 patients and varied between 6 and 98 months
(M =37.2; SD =16.3). Stroke characteristics of the patient group are displayed in Table 1.

The scores of patients on all neuropsychological tasks were significantly lower than
that of healthy controls (see Table 2). The corresponding effect sizes ranged from small (r
= 0.18) to medium (r = 0.46).

Group performance on the VT test

Group performance on the VT subtasks is displayed in Table 3. Results of univariate
analyses of covariance with educational level as a covariate indicate that controls
significantly outperformed patients on five out of twelve VT subtasks: Scene
Recognition, Route Continuation, Route Order, Route Progression, and Route
Drawing. The corresponding effect sizes ranged from small (y,> = .040) to medium
(7,> = .115). For each subtask, the percentage of patients and controls who obtained an
impaired score (< -1.64 SD of the controls’ mean) was also calculated. The percentage
of impaired scores was higher in the patient group on all subtasks with the exception
of Pointing to Start (controls: 8.8% impaired; patients: 8.1% impaired).

Table 1. Stroke types and lesion locations in the patient group (n = 77).

n (%)
Stroke type
Ischemic stroke 60 (77.9%)
Hemorrhagic stroke
- Intracerebral 13 (16.9%)
- Subarachnoid 3(3.9%)
Unknown 1(1.3%)
Stroke location
Supratentorial region
- Left 31 (40.3%)
- Right 32 (41.5%)
- Bilateral 2 (2.6%)
Infratentorial region
- Left 2 (2.6%)
- Right 2 (2.6%)
- Bilateral 7 (9.1%)
Unknown 1(1.3%)

Note. Classification is based on the characteristics of the first stroke event. Six patients (7.8%)

suffered from two stroke events and two patients (2.6%) from three stroke events.
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Table 2. Performance on the cognitive screening tests in patients and controls.

Patients Controls t P Egic:

Dutch Adult Reading Test (IQ) 97.7 (17.1) 109.7 (11.5) -4.85 < .001*** 0.39
Corsi Block-Tapping Task

- forward (span x score) 37.0 (15.1) 42.0 (12.4) -2.08 .040* 0.18

- backward (span x score) 38.2(19.9) 48.0 (16.4) -3.14 .002** 0.26
Trail Making Test

- Part A (seconds) 58.2 (38.1) 35.1(11.5) 5.04 < .007*** 0.46

- Part B (seconds) 142.4 (109.0) 74.9 (26.1) 5.18 < .007*** 0.49

-Part B (B/A) 2.7 (1.6) 2.2(0.6) 2.24 .027* 0.22
Digit Span (WAIS-II1)

- forward (score) 7.5(1.9 9.0 (1.6) -4.86 < .001*** 0.39

- backward (score) 5.0 (2.0) 6.2 (2.0) -3.37 .001** 0.28

Note. Standard deviations are displayed in parentheses.
*p < .05, ** p < .01, *** p <.001; Pearson’s r effect size: small = 0.10-0.29, medium =
0.30-0.49, large = 0.50
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Analysis of individual performance patterns on the VT test

Our intention was to analyze only VT performance patterns of patients who actually
suffer from navigation problems in daily life to ensure that impaired VT subtask
scores reflect clinically meaningful deficits. Therefore, responses on the Wayfinding
Questionnaire (subscales: Navigation and Orientation, Spatial Anxiety, and Distance
Estimation) were used to make a selection of patients who experience significant
navigation problems. Thirty-three out of the 77 patients (43%) obtained at least one
impaired WQ-subscale score (< -1.64 SD of the controls’ mean) and were selected for
further analysis of their VT performance pattern. More specifically, eighteen patients
obtained a single impaired WQ-subscale score, and two and three impaired WQ-
subscale scores were found in eight and seven patients, respectively.

As Figure 2 and Table 4 show, all three types of navigation impairments were
identified by the VT test battery and in various combinations in the 33 stroke patients.
Both landmark-based (three patients) and path-based navigation impairment (twelve
patients) occurred in isolation. Although no patient suffered from location-based
navigation impairment alone, this type co-occurred with path-based navigation
impairment (three patients). A combination of navigation impairments related to
landmarks and paths wasalsorelatively common (six patients). Navigation impairment
due to combined deficits in all three domains (i.e., landmarks, locations, and paths)
was established in two patients. No objective evidence of navigation impairment was
found for the remaining seven patients. Overall, navigation impairments related to
paths occurred much more often (23 patients) than landmark-based (eleven patients)
and location-based navigation impairment (five patients).

DISCUSSION

The primary objective of this study was to provide a systematic inventory of the
prevalence of landmark, location, and path-based navigation impairments, which
have recently been identified in a systematic literature review summarizing all
relevant single-case reports on this topic (Claessen & van der Ham, 2017). In the
current study, it was hypothesized that these impairments can occur in isolation (as
they are dissociable by definition), but might co-occur as well. This aim was addressed
by analyzing the individual performance patterns of 33 stroke patients with significant
navigation-related complaints on a comprehensive virtual navigation test battery.
Based on this analysis, objective evidence of navigation impairment was established
for 26 patients and all three types of navigation impairments were identified in this
group. Both landmark-based and path-based navigation impairment were found to
occur in isolation, while location-based navigation impairment was only established
in combination with the other two types. Overall, these results provide a first
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systematic validation of the distinction between landmark, location, and path-based
navigation impairment.

No impairr

7 patients(2

Landmark impairment
3 patients(9.1%)

Landmark-Location impairment Landmark-Path impalrment
Mo patients (0%) & patients (18.2%)
Landmark-Location
Path impairment
2 patients (6.1%)

Path impairment

Location impairment
% 12 patients (36.3%)

No patients (0%)

Location-Path impairment
3 patients (9.1%)

Figure 2. The prevalence of the three types of navigation impairments as measured with the

Virtual Tibingen test in 33 stroke patients with complaints of navigation problems.

Path-based navigation impairment was clearly very common, as it occurred in
23 out of the 26 patients with objective evidence of navigation impairment (either in
isolation or along with the other types). This finding might result from the fact that
nine out of twelve VT subtasks address some form of path knowledge. Indeed, this
might have increased the chances of finding an impaired score on a subtask related to
path knowledge as compared to subtasks assessing landmark and location knowledge.
It should, however, be emphasized that path-based navigation impairment is the
most complex type of navigational knowledge (Claessen & van der Ham, 2017). Path
knowledge does not solely entail concrete information such as the order of landmarks
or turns, but can also be enriched with abstract, metric information about the size
of turning angles and segment lengths (Chrastil & Warren, 2014; Mallot & Basten,
2009; Meilinger, 2008).

Some discussion is also needed regarding the finding that no patientin the current
study sample suffered from an isolated location-based navigation impairment.
However, there appeared to be some overlap between navigation impairments related
to locations and paths, as three patients were found to suffer from a combination
of these types of navigation impairment. This accords both with the nature of the
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tasks that were used to measure location knowledge (Pointing to Start and Pointing
to End) as well as the partial conceptual overlap between knowledge about locations
and paths. In each trial of the pointing tasks, participants were provided with a scene
and required to indicate the position of the starting or end point of the route. By
showing them scenes in these tasks, path knowledge might have been measured in
addition to location knowledge alone, as this task is mostly likely solved by mentally
“walking back” or “walking on” to the starting or end point of the route. This strategy
directly points out the connection between path and location knowledge. It has been
suggested that location knowledge about the interrelationships of multiple locations
results from egocentric updating (i.e., integration of paths; Claessen & van der Ham,
2017; Ino et al., 2007), mental imagery as described in the BBB-model (Byrne, Baker,
& Burgess, 2007) or mental model construction (Meilinger, 2008). More specifically,
Meilinger (2008) has proposed the existence of a hierarchical relationship between
path and location knowledge, as location knowledge (needed to solve pointing tasks)
is only inferred online in working memory directly from path knowledge. Overall, it
appears advisable that future research further explores the relationship between path
and location knowledge and, if possible, develops more direct measures of location
knowledge to better establish location-based navigation impairment.

Lastly, the finding that the three navigation impairment types can occur
independently also has important implications for the cognitive rehabilitation of
impairments in this function. It is now common practice in cognitive rehabilitation
to teach patients to approach particular tasks in an alternative way; a compensatory
strategy, by enabling them to rely on their cognitive strengths (Ponds & Hendriks,
2006; Wilson, 2002). There is recent evidence that the application of compensatory
strategiesmightalsobeeffectivein the contextofrehabilitating navigationimpairment.
A group of researchers has taughta patient to apply an external compensation strategy
to overcome his navigation problems by using a smartphone with GPS technology
(Rivest, Svoboda, McCarthy, & Moscovitch, 2016). Another study has supported the
feasibility of internal compensation to rehabilitate navigation impairment by teaching
six patients to apply an alternative navigation strategy based on individual cognitive
strengths (Claessen, van der Ham etal., 2016). This latter approach in particular, which
regards navigation ability as a complex rather than a unitary function, accords with the
finding that the three types of navigation ability are dissociable.

The current study is characterized by a number of strengths. To the best of our
knowledge, it provides the first systematic inventory of the types of navigation
impairment that have been identified in the single-case literature on this topic. The
focus was on patients with mild stroke (i.e., stroke patients who have participated in
outpatient rehabilitation programs or those who show quick neurological recovery
during inpatient rehabilitation). Mild stroke is not only the most common type of
stroke; its prevalence isalso expected to increase further due to the availability of better
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treatment options (Rochette, Desrosiers, Bravo, St-Cyr/Tribble, & Bourget, 2007).
People with mild stroke usually live at home independently and are therefore reliant
on adequate navigation ability. Another strength of this study is that a relatively large
group of stroke patients was comprehensively tested on their navigation abilities. In
addition, WQ responses were used to select only patients with significant navigation
complaints. This procedure ensured that impaired subtask scores on the VT reflect
clinically meaningful results.

Several limitations also need to be discussed. Information on the
neuropsychological functioning of the patient sample was somewhat limited. To
ensure that the duration and mental strain of the test procedure was feasible for them,
the cognitive screening was restricted to neuropsychological tasks for premorbid
intelligence, visuospatial and verbal attention span and working memory, mental
processing, and divided attention. While stroke patients with severe forms of neglect
were not included, it should be mentioned that information about representational
neglect would have been informative given that navigation impairment has been
associated with neglect in mental imagery (Guariglia, Piccardi, Iaria, Nico, &
Pizzamiglio, 2005). Also, information on lesion locations was highly limited for
many stroke patients (see Claessen, Visser-Meily, Jagersma et al., 2016, for further
explanation), therefore it was not possible to link the types of navigation impairments
to lesion locations. A final possible critique concerns the fact that this study focused
on navigation impairment in novel environments alone, whereas the three types
of navigation impairments have been argued to concern navigation in familiar
environments as well (Claessen & van der Ham, 2017). However, objective evaluation
of navigation ability in environments learned prior to a patient’s stroke event would be
very difficult to accomplish in a systematic group study. Therefore, methodologically
sound reports on individual neurological patients with navigation impairment will
remain important in the investigation of this topic.

In conclusion, the current study has provided empirical evidence for the
distinction between three types of navigation impairments related to landmarks,
locations, and paths. This provides the first validation of the model that has recently
been put forward by Claessen and van der Ham (2017) based on a systematic review
of single-case studies on navigation impairment. This evidence was established in
the current study by systematically assessing navigation ability related to landmarks,
locations, and paths in stroke patients using the VT test battery. Both landmark and
path-based navigation impairment were found in isolation, whereas navigation
impairment related to locations was only objectified in combination with the other
types. Future research relying on other assessment instruments of navigation ability
than the VT test might help to further validate this model.
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CHAPTER 7

ABSTRACT

This study reports the case of a 66-year-old female patient who came to our attention
almosttwelve years after she had undergone a right anteromedial temporal lobectomy.
She has experienced severe difficulties navigating since the surgery, particularly
in areas she has never visited prior to this intervention. The current study aim was
to investigate the origin of these problems. Standard neuropsychological testing
revealed only a visuospatial working memory deficit. We found objective evidence
for her difficulties navigating based on a virtual route learning test. We also tested her
knowledge of two familiar real-world environments in two equivalent tests. The first
test was based on the area she grew up in (and still visits regularly), while the second
test concerned her current place of residence which she has never visited prior to the
surgery. Her ability to recognise landmarks in these environments was accurate, but
she showed notable difficulties with indicating the locations of these landmarks on
a map and with giving accurate route descriptions between them. Severe navigation
disability is a rare complication after a right anteromedial temporal lobectomy, as this
is the first report on such a case.
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INTRODUCTION

In his Nobel Prize winning research on rodents, John O’Keefe has indicated the
existence of a relationship between the hippocampus and spatial memory, particularly
the ability to create mental maps of the environment (O’Keefe & Nadel, 1978). This is
an important element of navigation ability (e.g., Schinazi, Nardi, Newcombe, Shipley,
& Epstein, 2013). A relationship between the hippocampus and navigation ability has
also been found in human research. Temporal lobectomy patients, who have undergone
surgical removal of the hippocampus and adjacent temporal lobe structures for relief of
intractable epilepsy, perform worse on navigation tasks than healthy controls (Astur,
Taylor, Mamelak, Philpott, & Sutherland, 2002; Maguire, Burke, Phillips, & Staunton,
1996; Spiers etal., 2001; Worsley etal., 2001). Studies have indicated that the right rather
than the lefthippocampusis crucial to navigation ability (e.g., Spiers etal., 2001; Worsley
et al,, 2001). Given these results, it is striking that not a single study on an individual
temporal lobectomy patient with navigation impairment has been reported. Hence,
the current study provides the first case report on a patient who was left with serious
difficulties navigating after a right anteromedial temporal lobectomy, suggesting that

this is a very rare complication after such a surgical intervention.

Figure 1. MRI scan taken one year before surgery. Note the location of the cavernous
haemangioma in the right medial temporal lobe close to the head of the
hippocampus and the amygdala. There was no sign of hippocampal sclerosis on

T1 images. The right side of the brain corresponds with the left side of the image.
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Figure 2. Three MRI scans showing the resection size (i.e., 6 cm from the anterior temporal
pole in posterior direction, 5 cm on the left-right axis, and 2 cm on the dorsoventral
axis). The scans were taken at different intervals after surgery: (A) 15 months after
surgery, (B) almost 4 years after surgery, and (C) 12 years after surgery. These scans
show that lesion area has not changed over time; nor are there any indications
of atrophy or other brain pathology. The right side of the brain in axial images

corresponds with the left side of the image.

CASE STUDY

The patient (Z.R.) is a 66-year-old women who was diagnosed with epilepsy due to
a right mesiotemporal cavernous haemangioma at the age of 44 (see Figure 1). Until
then, she had functioned well as the cornerstone of a family with five children.
Her seizures (partial and generalised seizures, and absences) were associated with
postictal complaints of disorientation, sometimes lasting up to three days. The
seizures gradually increased in frequency and severity, and medication turned out
to be ineffective in controlling the seizures. After a few years, her husband asked for
a divorce, as he found himself unable to cope with this situation. Ten years after the
onset of the seizures, Z.R. also lost her job as she had to call in sick for a long period of
time due to a series of severe seizures. At the age of 54, she underwent epilepsy surgery
with a right anteromedial temporal lobectomy and lesionectomy (see Figure 2). Except
for around five brief auras a year, she is seizure-free and epileptic medication has been
completely tapered off.
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Almost twelve years after the surgery, she came to our attention with complaints
of severe navigation problems. Although she had consulted others before, no
convincing explanation was provided based on these earlier investigations. She
reports that her problems with navigation particularly concern environments she has
first encountered after the surgery. To cope with these problems, she records elaborate
written route descriptions in a notebook as she finds herself unable to learn new routes
no matter how many times she has travelled them. She relies rigidly on particular
landmarks (e.g., a mailbox) to find her way around, and gets confused when things are
only slightly different than expected (e.g., when the design of a shop display has been
changed). This condition is the primary reason that she currently lives in an apartment
owned by a health facility organisation for people with acquired brain injury such that
support is continuously available. She also mentioned some complaints regarding
memory (e.g., forgetting that she had put the kettle on the stove to make tea when she
leaves the room in the meantime) and severe fatigue.

Z.R. has a medical history of traumatic brain injury following collision with
a car at the age of seven; further details concerning this injury are unknown. Her
psychiatric history specifies multiple depressive and dysthymic episodes (with atleast
two periods of hospitalisation) and a diagnosis of personality disorder NOS based on
an enduring and stable pattern of difficulties with establishing and maintaining social
relationships. Both psychiatric diagnoses were already established before the onset of
the epileptic seizures.

Neuropsychological assessments were performed before surgery, briefly after
surgery, and one year and three years after surgery. The pre-surgery assessment
indicated above average intellectual functioning with a minor discrepancy between
verbal (above average) and visual abilities (high average), likely related to the right-
sided cavernous haemangioma. Her performance on tests for language, attention and
concentration, and mental flexibility was above average. Visuospatial test performance
fell in the average range. No memory problems were found. The only remarkable
finding regarded minor planning difficulties, as she tended to approach complex tasks
using a trial-and-error strategy. The results of all post-surgery assessments revealed
identical performance patterns and did not provide a convincing explanation for her
profound navigation problems after the surgery.

We started our investigation with a comprehensive neuropsychological
assessment to verify the status of her cognitive functioning almost twelve years after
the surgery. We found average to above average performance on tests of all cognitive
domains, but she performed low on a task addressing visuospatial working memory
(see Table 1). This might indicate a disability to manipulate visuospatial information.
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Table 1. Z.R.'s performance on the neuropsychological assessment.

Cognitive domain  Test Raw scores Interpretation
o CST-14: 14 Unimpaired
?eniral‘cognltlve Cognitive Screening Test
unctioning CST-20: 20 Unimpaired
National Adult Reading Test 231(535;|mated 1Q Above average
Language Boston Naming Test 84/87 (171/177) 80th percentile

Working memory

Memory

Digit Span (WAIS-IV)
Forward score
Forward span
Backward score
Backward span
Sorting score
Sorting span

Corsi Block-Tapping Task
Forward score
Forward span
Backward score

Backward span

Rey Auditory Verbal Learning Task

Immediate recall
Delayed recall
Delayed recognition
RBMT Story
Immediate recall
Delayed recall
% retained
Rey Complex Figure
Delayed recall (30 minutes)
Location Learning Test
Displacement score
Learning index
Delayed recall score

Benton Visual Retention Test

Version C

34 (SS =16)
12
8
12
6
10

A W O o

52 (5/9/10/14/14)
13/15
29/30 (1 miss)

24.5

21.5

88%

16/36

8 (5/3/0/0/x)

0.85

0

6/10

Above average

70th percentile
5th-10th percentile
84th percentile
95th percentile
Unimpaired

88th percentile
86th percentile
62th percentile

> 50th percentile
60-70th percentile
70th percentile

> 75th percentile

Unimpaired
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Visuoperception

Visuoconstruction

Attention/Speed

Executive
functioning

Spatial abilities

Note. Corrections for sex, age, and education level have been applied to the raw scores if

available.

164

Cortical Vision Screening Test
Symbol acuity
Shape discrimination
Size discrimination
Shape detection
Hue detection
Dot counting
Fragmented numbers
Face perception
Crowding test

Birmingham Object Recognition
Battery

Size Match task

Length Match task
Judgement of Line Orientation
Benton Facial Recognition Test
Rey Complex Figure

Direct copy

Star Cancellation (BIT)

Colour Word Interference test
(D-KEFS)

Condition 1 (colour naming)
Condition 2 (word reading)

Colour Word Interference test
(D-KEFS)

Condition 3 (inhibition)

Condition 4
(inhibition and switching)

Road Map test (mental rotation)

Bergen Left-Right Discrimination Test

Condition 1 (back)
Condition 2 (front)
Condition 3 (mixed)

36/36
8/8
2/2
8/8
4/4
4/4
8/8
8/8
4/4

29/30
27/30
30/30
54/54

34/36

70 sec.; system-
atic working
method, from left
to right

30sec. (GS=11)
25 sec. (GS = 10)

44 sec. (GS = 14)
48 sec. (GS = 15)

90 sec. (1 error)

31 (2 errors)
33 (1 error)
37

Unimpaired
Unimpaired
Unimpaired
Unimpaired
Unimpaired
Unimpaired
Unimpaired
Unimpaired

Unimpaired

Unimpaired
Unimpaired
> 86th percentile

> 98th percentile

> 50th percentile

Unimpaired

Average

Average

Above average
Above average

Unimpaired

Unimpaired
Unimpaired
Unimpaired
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However, as a visuospatial working memory deficit alone appeared an unlikely
explanation for the severity of her navigation problems, we also assessed her
navigation abilities in detail. The Virtual Tiibingen (VT) navigation test battery (see
van der Ham & Claessen, 2016) was administered to measure Z.R.’s ability to learn
new virtual routes (see Table 2). Her VT performance pattern indicated strong reliance
on remembering the order of turns, while lower or impaired scores were found on the
majority of the other subtasks. She has difficulties with forming associations between
places and actions, and with remembering the order in which places occurred along
the route as well as metrical information. She finds it hard to draw accurate route maps
and she could not indicate the correct route map out of four options. These results
provide objective evidence for her difficulties with acquiring new routes and also
show that she attempts to compensate for this inability through reliance on verbal
coding of the routes (e.g., left-right-left).

Lastly, we set out to test her knowledge of real-world environments. We first
assessed her ability to recognise landmarks by showing her pictures of famous
landmarks from Europe, the Netherlands, and the city centre of Leiden. Most of
them were accurately named (see Table 3). We then tested whether her difficulties
with navigation were more prominent in environments she has never visited
prior to the surgery, as she stated. We thus designed two equivalent tests to assess
her environmental knowledge of a part of the city she grew up in (and still visits
regularly) and the village she has lived in for the last six years (see Table 3 for task
descriptions and results). Her landmark recognition performance was sufficient for
both environments. In a qualitative sense, we observed that she needed much time
to complete the location and route description tests and relied on elaborate verbal
reasoning to generate her responses. Although no healthy control data could be
obtained for comparison, she had difficulties with accurately indicating locations of
landmarks for both environments. However, there seems to be a slight difference
on the location tasks favouring the environment in which she grew up. Her ability
to describe accurate routes between two landmarks was slightly compromised but
comparable for the two environments. In general, we established additional evidence
for her difficulties with navigation based on these real-world tests, but a substantial
difference between knowledge of environments she has visited prior to and after the
surgery was not objectified.
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Table 2. Z.R.'s performance on the Virtual Tubingen (VT) navigation test battery.

VT subtask Route A; 18 January 2016 Route B; 25 April 2016
Total: 14/22 (64%)** Total: 19/22 (86%)
Scene Recognition Targets: 4/11 (36%) Targets: 8/11 (73%)
Distractors: 10/11 (91%) Distractors (100%)
Route Continuation 5/11 (45%) 5/11 (45%)
Route Sequence 6/7 (86%) 7/7 (100%)
Route Order 8/33 (24%) 5/33 (15%)*
Route Progression 61%** 60%**
Route Distance Not administered 2 Not administered
Distance Estimation 400 metres (correct: 400 metres) 500 metres (correct: 400 metres)
Time Estimation 300 seconds (correct: 210 seconds) 300 seconds (correct: 252 seconds)
Pointing to Start Not administered Not administered
Pointing to End Not administered Not administered
Map Drawing 2/11 (18%) 7/11 (64%)
Map Recognition Incorrect Incorrect

Note. Z.R.'s scores were compared to that of a healthy control group comprising 11 women,
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M. =62.1(age of ZR. = 66), M

a

cdicationallevel = -6 (educational level of ZR. = 5, possible

range: 1-7). Scores marked with one (*) or two asterisks (**) indicate trend-level

impaired performance (p < .15, one-sided) and impaired performance (p < .05, one-
sided), respectively. Statistical comparisons were made using the Bayesian approach for

single case studies (Crawford and Garthwaite, 2007).

'The VT navigation test battery was administered twice (using parallel versions),
as Z.R. misunderstood the test instructions on the first administration (she indicated
afterwards she had focused solely on the order of turns instead of memorizing as
much as possible information from the route). Her patterns of performance were
comparable across the two administrations for most subtasks, except for performance
on the scene recognition subtask (impaired at the first assessment; intact at the second
assessment).

2Z.R. was unable to understand the purpose of the subtask Route Distance.
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Table 3. Z.R.'s performance on famous landmark recognition tasks and on two real-world

navigation tests based on the city of Leiden and the village of Eemnes.

Leiden landmarks (city centre) 8/10
Dutch landmarks 7/10
European landmarks 8.5/10 *

Total: 15/20 correct
Leiden South-West landmarks Targets: 5/10 correct

Distractors: 10/10 correct

North-South axis: average of 9.1% deviation from the cor-
rect location

Leiden South-West locations 2
East-West axis: average of 12.0% deviation from the correct

location

Leiden South-West route descriptions ®  3/5

Total: 17/20 correct
Eemnes landmarks ' Targets: 9/10 correct

Distractors: 8/10 correct

North-South axis: average of 14.5% deviation from the
correct location

Eemnes locations 2
East-West axis: average of 16.0% deviation from the correct
location

Eemnes route descriptions * 3/5

Note. Z.R. grew up in the South-West area of the city of Leiden. She still travels on a regular
basis to the Leiden South-West area to visit her father who lives there. Z.R. has lived in
the village of Eemnes for six years. She did not visit this area prior to the surgery. The
stimuli presented in the tests were carefully matched between the two environments in

terms of the functions of the landmarks (e.g., church, school, etc.) and distances.

! In this task, Z.R. was presented with 20 landmarks one by one (10 targets, 10 matched
distractors) and we asked her to indicate whether or not each landmark was located
in the target area.

2Z.R. was presented with maps of the environment in which only the outer sides were
shown, while the centre of the map was covered. Z.R. was asked to indicate the location
of the 10 target landmarks. Her performance was scored by calculating the percentage
of deviation from the correct location, both on the North-South and East-West axes.

3Z.R. was asked to provide five detailed route descriptions between two landmarks in
the environment.

* The scoring procedure for the landmark recognition tasks: 1 point was awarded
for correct naming of the landmark; 0.5 point was given for a correct non-visual

description of the landmark.
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DISCUSSION

In the current report, we have provided objective evidence for severe difficulties with
navigation in a patient who underwent a right anteromedial temporal lobectomy.
While her performance on a regular neuropsychological assessment only showed a
visuospatial working memory deficit, specific navigation ability tests clearly confirmed
her difficulties with learning new (virtual) routes. We also found deficits in her
knowledge of landmark locations and the paths connecting these locations for two
familiar environments. However, no clear evidence was found for a difference between
test performance for an environment visited prior to the surgery and test performance
for an environment visited after this intervention.

This latter finding increases our knowledge about the hippocampal contribution to
navigation ability. Previous case studies on patients with selective hippocampal damage
(no temporal lobectomy patients, however) have reported mixed findings. Two case
reports have suggested a time-limited role of the hippocampus in spatial navigation,
as their patients had difficulties only in novel and not familiar environments (Rusconi,
Morganti, & Paladino, 2008; Teng & Squire, 1999). Other case reports, however,
have supported the idea that hippocampal involvement in navigation is permanent
by showing navigation problems for both novel and familiar environments in their
patients (Maguire, Nannery, & Spiers, 2006; Rosenbaum etal., 2000, Rosenbaum, Gao,
Richards, Black, & Moscovitch, 2005). Our case report supports this latter position.

Another issue that needs to be discussed is the marked discrepancy between
Z.R.’s intact performance on visuospatial neuropsychological tasks and her impaired
performance on the navigation tasks. We think that this discrepancy results from a
difference in the spatial scale that these tests address. While the neuropsychological
tasks measure small-scale visuospatial skills (i.e., reaching space), our navigation tasks
concern large-scale visuospatial skills (i.e., navigational space). Striking dissociations
between small and large-scale visuospatial skills have previously been reported in
brain-injured patients (Piccardi, Iaria, Bianchini, Zompanti, & Guariglia, 2011) and
these types of abilities are supported by partly different brain networks (Nemmi,
Boccia, Piccardi, Galati, & Guariglia, 2013).

One alternative explanation that cannot be ruled out at this point is that Z.R.’s
difficulties with navigation have a psychological rather than a neurological origin. Z.R.
has been diagnosed with a personality disorder NOS due to an enduring and stable
pattern of difficulties with establishing and maintaining social relationships. It can
be hypothesised that she has once learned that she raises the attention and interest
of other people when she has lost her way. For example, a neighbour has intensively
helped her with recording written route descriptions, which might have reinforced
Z.R. in displaying this behaviour. However, it should also be emphasised that Z.R. is
now severely restricted in living an independent life.
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Lastly, we would like to emphasise that severe navigation disability after right
anteromedial temporal lobectomy is a very rare complication. Nonetheless, the case
report of Z.R. demonstrates that such a disability can have far-reaching consequences.
By describing the case of Z.R., we intend to increase clinicians’ awareness of the
possibility of navigation problems as a complication of anteromedial temporal
lobectomy, as this would help in gaining a better indication of its frequency of
occurrence.
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ABSTRACT

Objective: The notion of distinguishable processing mechanisms for spatial and
spatiotemporal information has largely been neglected in the context of navigation.
Only a recent neuropsychological case study has provided initial evidence for the
idea that these elements can be differentiated at a functional level. The aim of the
current study was therefore to critically verify this double dissociation by adopting a
systematic, large-scale approach.

Method: 65 chronic stroke patients and 60 matched healthy controls watched a route
through a realistic virtual environment. They were assessed on their knowledge of
this route in four different tasks after the learning phase. Performance on the scene
recognition and route continuation tasks was taken as an indication of knowledge of
the spatial route aspects. By contrast, spatiotemporal knowledge of the route was
assessed in the route order and route progression tasks.

Results: Based on single case statistics, six patients showed an exceptionally large
difference in their performance on the spatial and spatiotemporal tasks. Moreover,
two patients satisfied formal criteria for a classical dissociation.

Conclusions: Our findings showed that spatial and spatiotemporal performance was
closely associated in most patients. Nonetheless, the study also provided partial
support for the notion of separate space- and time-based processing mechanisms in
the context of navigation. This distinction is of particular relevance to the investigation
into the cognitive structure underlying navigation behavior.
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INTRODUCTION

In order to remember events, it has been argued that these events themselves must
be remembered along with both their spatial (“where”) and their temporal (“when”)
context (Fujii et al.,, 2004; Johnson, Hashtroudi, & Lindsay, 1993; Shimamura &
Wickens, 2009; Tulving, 2002). Spatial and temporal information is, however, not
automatically integrated as a unitary mechanism in episodic memory, but should be
regarded as independent memory processes (Postma, van Asselen, Keuper, Wester,
& Kessels, 2006; van Asselen, van der Lubbe, & Postma, 2006). Moreover, retrieval of
spatial and temporal context information of an event activates both a shared pattern of
neural activation as well as activation in separate areas of the brain (Fujii etal., 2004). A
similar distinction between processing of spatial location and temporal duration hasbeen
demonstrated in working memory (Hilbig, Mecklinger, Schriefers, & Friederici, 1998).
Overall, these findings are intriguing, as they contradict the evident interpretation of
integrated processing of spatial and temporal information given that events are usually
highly connected in space and time (van Asselen, van der Lubbe etal., 2006).

In our view, this distinction might also be applicable to navigation, or ‘way
finding’. Navigation has been shown to be an important, yet complex spatial cognitive
ability for adequate daily life functioning (e.g., van der Ham, Kant, Postma, & Visser-
Meily, 2013): the ability to find one’s way from one location to another. Navigation is
a multicomponent behavior that incorporates different cognitive processes, such as
perception, attention, memory and executive control functions (Wolbers & Hegarty,
2010). While navigating through an environment, people employ a range of tasks to
successfully arrive at their intended destination. For example, people use landmarks
to guide their spatial navigation behavior (Blades & Medlicott, 1992; Chan, Baumann,
Bellgrove, & Mattingley, 2012; Janzen & van Turennout, 2004) and create mental maps
of the environment (Iaria, Chen, Guariglia, Ptito, & Petrides, 2007; Taylor & Tversky,
1992; Thorndyke & Hayes-Roth, 1982; Tolman, 1948). The main aim of the current
study was thus to investigate whether a distinction between spatial and temporal
processing mechanisms exists for navigation ability as well. This is a unique approach
to further unravel the multicomponent cognitive nature of navigation behavior.

Several cognitive abilities underlying navigation behavior primarily rely on
spatial features, whereas others engage features that are mainly temporal in nature.
A common task in navigation research is to ask participants to indicate whether
or not several scenes or landmarks were part of a certain route (scene or landmark
recognition task; e.g., Arnold et al., 2012; Janzen & van Turennout, 2004; Spiers et al.,
2001). Although a scene recognition task does not necessarily require the participant
to make spatial judgments per se, such a task likely activates (visuo)spatial processing
(Sewards, 2011). Thatis to say, scenes inherently contain information about the spatial
configuration of several buildings or objects.
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Recognition of scenes and landmarks has convincingly been shown to be no
simple reflection of overall memory performance. Several studies have described
patients who suffer from a specific impairment in using prominent environmental
features for navigation and orientation purposes, called ‘landmark agnosia’
(e.g., Hirayama, Faguchi, Sato, & Tsukamoto, 2003; Mendez & Cherrier, 2003;
Rosenbaum, Gao, Richards, Black, & Moscovitch, 2005; Takahashi & Kawamura,
2002). However, scene recognition impairment is not inherently accompanied by
impaired performance on other navigation tasks (Aguirre & D’Esposito, 1999;
Mendez & Cherrier, 2003; Rosenbaum et al., 2005; van der Ham, van Zandvoort,
Meilinger, Bosch, Kant, & Postma, 2010). This finding clearly indicates that
navigation ability is not fundamentally dependent on explicit scene recognition.

Several authors have explored the different functions of landmarks in guiding
people’s navigation behavior. For example, it has been shown that people use
landmarkstoformassociationsbetween certainlocationsand directionalinformation
(Chan et al., 2012; Waller & Lippa, 2007). A landmark might thus trigger one to
perform a specific navigational action (e.g., “take a left turn at the church”; Chan
et al., 2012). These place-action associations are considered an important element
of route knowledge (Montello, 1998; Siegel & White, 1975), and can be assessed by
a route continuation task (van der Ham et al., 2010; but see also Arnold et al., 2013;
Liu, Levy, Barton, & Iaria, 2011). In such a task, participants are requested to indicate
the direction in which the route continued at a certain scene or landmark. In case
of randomized scene presentation, the route continuation task likely taps only into
place-action associations (spatial in nature) rather than into temporal information.

By contrast, memory for the order in which a series of locations or landmarks
appeared along the route clearly engages another type of information. Although
memory for landmark order has been described as an element of route knowledge
(Montello, 1998; Siegel & White, 1975), order memory is highly understudied in
the context of navigation. A recent study has actually shown that this type of order
memory plays an important role in navigation behavior (van der Ham et al., 2010),
particularly in a neuropsychological context. Nonetheless, the precise cognitive
properties of order memory in navigation are still unknown. In fact, most studies
investigating the role of order memory in navigation usually refer to order memory
as “temporal order” (e.g., Barker, Bird, Alexander, & Warburton, 2007; Ekstrom,
Copara, Isham, Wang, & Yonelinas, 2011; van der Ham et al., 2010). However, it
should be noted that moving along a route necessarily involves displacements in
space. Moreover, if travelling speed remains constant, space and time progress in a
parallel manner. The memorization of landmark order might thus be based on the
different points in both time and space at which the landmarks are encountered.
For this reason, the temporal features of navigation behavior are being referred to as
“spatiotemporal” in this study.
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An obvious way to assess order memory is to provide the participant with a
number of images from a visually shown route and instruct them to arrange these
images with regard to the order in which the displayed scenes or landmarks occurred
along the route (e.g., Busigny et al., 2014; Maguire, Burke, Phillips, & Staunton, 1996;
Sorita et al., 2013; van Asselen, Kessels et al., 2006; van Asselen, Fritschy, & Postma,
2006; van der Ham etal., 2010). Such a task is a measure of relative order, as the position
of each scene is determined with respect to the position of other scenes (e.g., scene B
occurred earlier than scene C but later than scene A). However, an additional way exists
to assess the knowledge of spatiotemporal route features. Instead of asking for relative
order, participants can be instructed to indicate the absolute order of a certain scene or
landmark in the route. Participants are requested to indicate the image location with
regard to the overall route length in such an approach. In the current study, participants
will be assessed on their knowledge on the spatiotemporal route properties in both a
relative order task (route order) and absolute order task (route progression).

The distinction between spatial and spatiotemporal processes in navigation
ability has currently only been explored in a scarce manner. However, some studies
have provided initial evidence for the notion that these processes engage different
neurocognitive mechanisms. Ina functional MRI (fMRI) study, Ekstrom and colleagues
(2011) have investigated brain activation patterns regarding spatial and temporal order
retrieval in navigation using a virtual environment. They identified that dissociable
networks are engaged for the spatial and temporal components of order information
in healthy participants. Although both order tasks activated the hippocampus to the
same extent, the spatial task elicited more parahippocampal activation, while greater
prefrontalactivity wasassociated with the temporal task. Given these findings, Ekstrom
and colleagues (2011) have speculated that spatial and temporal order representations
are processed in distinct brain areas, but may merge into a combined representation in
the hippocampus.

Further evidence of distinct processing mechanisms of spatial and spatiotemporal
information forroutesstemsfromneuropsychological studies. Several of these studies
have investigated navigation disabilities in Alzheimer’s disease (AD) and amnestic
Mild Cognitive Impairment (aMCI) patients. In a study by delpolyi, Rankin, Mucke,
Miller and Gorno-Tempini (2007), both patient groups (AD and aMCI) performed
equally compared to controls on a landmark recognition task, whereas the patients
were clearly impaired in their ability to recall the order in which these landmarks
were encountered during the route. Performance in the order task was correlated
to volumes of inferior frontal areas. Moreover, impairment in spatiotemporal order
memory for routes tends to occur already in the early stages of AD (Kalova, VI¢ek,
Jarolimova, & Bure$, 2005) and has also been interpreted as reliably discriminating
AD and aMCI patients from age-matched healthy controls (Bellassen, Igl6i, Cruz de
Souza, Dubois, & Rondi-Reig, 2012).
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A neuropsychological case study has also contributed to this discussion by
reporting on a double dissociation between two neurological patients in spatial and
spatiotemporal deficits regarding navigation ability (van der Ham etal., 2010). A.C., the
first patient, was a 36-year-old woman suffering from an ischemic infarction, which
damaged the right superior parietal cortex including the medial occipital, the angular
and a small part of the postcentral gyrus. On the behavioral level, A.C. had a selective
impairment in route order (a spatiotemporal task). The second patient, W.J., was a
44-year-old woman with lesions in the posterior region of the right hemisphere as a
result of multiple surgeries to operate a glioblastoma multiforme brain tumor. More
specifically, scans showed damage to the occipital, temporal and superior parietal
areas with involvement of the fusiform gyrus and the hippocampus. This patient was,
however, impaired in the scene recognition and route continuation tasks (both spatial
tasks), but performed within the normal range on the spatiotemporal task. Note that,
despite her notable scene recognition impairment, she performed within the normal
range on the route order task. Hence, these two neurological patients showed a double
dissociation between spatial and spatiotemporal deficits in navigation.

All of the brain areas mentioned above have been identified as being part of an
extensive neural network that is associated with performing navigational tasks. The
specific patterns of brain activation have, however, been shown to d