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Abstract 

Detection of incipient cognitive impairment and dementia pathophysiology is critical to 

identifying preclinical populations and target potentially disease modifying interventions towards 

them. There are currently concerted efforts for such detection in Alzheimer’s disease (AD). By 

contrast, the examination of cognitive markers and their relationship to biomarkers for vascular 

cognitive impairment (VCI) is far less established, despite VCI being highly prevalent and often 

concomitantly presenting with AD. Critically, vascular risk factors are currently associated with 

the most viable treatment options via pharmacological and non-pharmacological intervention, 

hence developing selective and sensitive methods for the identification of vascular factors have 

important implications for modifying dementia disease trajectories. As outlined in Chapter one, 

this thesis focuses on uncovering spatial navigation deficits in established and preclinical VCI 

and investigates potential brain dysconnectivity in the frontoparietal regions and overlapping 

navigation systems. Chapter two reveals egocentric orientation deficits in established VCI to 

distinguish it from AD. In Chapter three, the VCI case study, RK, who previously displayed 

spatial navigation deficits is followed up three years after initial diagnosis. Results suggest an 

ongoing egocentric orientation deficit whilst there are improvements in cognitive scores assessed 

using conventional neuropsychological assessments. Diffusion tensor imaging (DTI) analysis 

suggests reduced superior longitudinal fasciculus (SLF) integrity to parietal segments. Chapter 

four shows that a novel test battery of navigation and ERP components capture deficits that 

precede the onset of general cognitive decline assessed by typical neuropsychological assessment 

in preclinical VCI. Taken together, this research advances our conceptual understanding of the 

pathological changes to cognition that characterise VCI and at-risk individuals.  
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Chapter 1: General Introduction 
 

Published Paper 

 
Lowry, E., Puthusseryppady, V., Johnen, A. K., Renoult, L., & Hornberger, M. (2021). Cognitive and neuroimaging 

markers for preclinical vascular cognitive impairment. Cerebral Circulation-Cognition and Behavior, 2, 100029. 
 

Introduction  
Cardiovascular disease and cognitive impairment is an increasing public health problem (Roth et 

al., 2018). Evidence is emerging to suggest almost a third of dementias can be prevented by 

modifying lifestyle factors, namely our cardiovascular health (Livingston et al., 2020). 

Accumulating evidence suggests a link between cardiovascular health, changes in brain structure 

and subsequent cognitive deterioration. The pathophysiology is intricate, spanning a wide variety 

of genetic, lifestyle, environmental and health related exposures (Littlejohns et al., 2019). 

Although cardiovascular interactions are thought to be implicated in a variety of 

neurodegenerative disorders (Sweeney et al., 2018). The most established link is with Vascular 

Cognitive Impairment (VCI). 

 

VCI is an umbrella term for conditions related to disrupted cerebral blood flow to the brain and 

subsequent cognitive decline. Traditionally, post-stroke dementia (dementia following stroke-

related brain injury) was considered the main contributor to VCI, however it is now clear that it 

only represents a small portion of VCI, with other incipient neurovascular changes (subcortical, 

multi-infarct and mixed dementias) significantly contributing to VCI (Skrobot et al., 2017). This 

also dovetails with findings showing that up to 80% of dementia patients show vascular 

pathology at autopsy (Sachdev et al., 2014; Toledo et al., 2013) and there appears to be a 
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reciprocal relationship between neurovascular and neurodegenerative pathology (Attems & 

Jellinger, 2014). Importantly, cognitive decline in VCI can be insidious and evolve over many 

years without ‘classic’ stroke symptomology. In the next section, I will review current cognitive 

markers used in VCI before exploring preclinical cognitive measures and their neural correlates.  

 

The aim of this review is to examine the current evidence of cognitive marker correlates to VCI 

pathology. I begin by examining the existing evidence concerning the neuroimaging profile of 

symptomatic VCI and its cognitive characteristics. Next, I discuss midlife risk factors that 

predict VCI. Then I discuss preclinical cognitive hallmarks of VCI informed by insights from 

neuropsychological assessment, network connectivity and ERP/EEG experimental findings. 

Finally, I discuss the potential utility of spatial navigation as a mechanism of assessing cognitive 

decline, followed by limitations of current cognitive assessments and the need for future 

cognitive test development to inform diagnostic assessment. As well as intervention outcome 

measures for preclinical VCI. In turn, these tests will inform earlier detection of vascular changes 

and allow implementation of disease intervention approaches. 

 

Pathophysiology of symptomatic VCI 

Hallmark physiological features leading to the development of VCI include; large vessel infarct, 

microinfarct, macroscopic haemorrhages and microbleeds, lacunar infarcts, white matter 

hyperintensities (WMH), arteriolosclerosis (hardening of the arteries) and atherosclerosis (plaque 

build-up narrowing arteries) (see, Figure 1) (for review, see Dichgans & Leyes, 2017).  
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The occurrence of large or small infarcts is recognised to cause cognitive decline. Large vessel 

disease associated with VCI relates to arteriolosclerosis in large vessels and cardiac embolic 

events characterised by a sudden onset and have stepwise deterioration, typically associated with 

stroke. It can consist of multi infarcts (cortical and subcortical) or a single strategic infarct. By 

contrast, small vessel disease is characterised by multiple small, ischemic white matter change 

dilation of perivascular spaces and cortical microinfarcts and microhaemorrhages lacunar infarcts 

and diffuse ischaemic white matter lesions. Lacunar infarcts are typically 2-15mm noncortical in 

nature and are caused by occlusion of a single penetrating branch of a large cerebral artery. MRI 

correlates of small vessel disease include multiple lacunes, extensive white matter 

hyperintensities (small white matter lesions) and subcortical hyperintensities (Wardlaw et al., 

2013). Global reductions in cerebral perfusion can result in transient or permanent ischemia 

leading to cognitive disturbance and both macroscopic intracerebral haemorrhage and 

microbleeds as well as loss of white matter and grey matter can also be associated with VCI 

(Dichgans & Leyes, 2017).  

 

Recent findings suggest cumulative intracranial small vessel changes rather than large cortical 

lesions play a major role in VCI (Kalaria, 2012). These microinfarcts cannot be easily delineated 

and cognitive and functional decline can be subtle and take place over a number of years before 

subjective complaints become apparent. Predominant locations of these pathological features 

include the carotid artery, Circle of Willis and proximal branches of the middle cerebral artery, 

anterior cerebral artery and posterior cerebral artery, whilst other regions include the white 

matter tracts running between the basal ganglia, internal and external capsules (Kalaria, 2012).  

More recently, there have been attempts to redefine VCI to include mild and major forms and 
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subtypes (Skrobot et al., 2017), to overcome the lack of availability of a consistently used 

diagnostic criteria. Although, it is not clear how widely this has been adopted. 

 

 

Figure 1. Major mechanisms underlying vascular cognitive impairment. Left image indicates 
vascular causes. Right image indicates brain parenchymal lesions associated with VCI. Figure 
adopted from Dichgans & Leys, 2017. 
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Figure 2. MRI manifestations of cerebrovascular disease leading to VCI symptomology. (A) 
Large vessel infarct detected using fluid-attenuated inversion recovery (FLAIR) sequences (B) 
Microinfarct detected using T1-weighted MRI (C) Macroscopic Haemorrhage detected using CT 
(D) Multiple microbleeds indicative of cerebral amyloid angiopathy detected using 
susceptibility- weighted imaging (E) Extensive white matter hyperintensities (WMHs) detected 
using FLAIR sequences (arrows point to  WMHs). (F) Superficial siderosis detected using 
susceptibility weighted imaging. Figure from van der Flier, et al., 2017.  

 
Neuroimaging characteristics of symptomatic VCI 

The current MRI standards to detect VCI are grounded in differing presentations of small vessel 

disease (STRIVE)(Skrobot et al., 2017; Wardlaw et al., 2013) (see, Table 1.). White matter 

hyperintensities are thought to be strongly associated with vascular risk factors and 

cerebrovascular disease (Wardlaw et al., 2013) but guidance stops short of offering predictive 

markers of VCI. Whilst, VCI neuropathology guidelines (VCING)(Skrobot et al., 2016) 

conclude the best individual predictors of VCI were at least one large infarct, moderate to severe 

occipital leptomeningeal cerebral amyloid angiopathy (CAA) and moderate to severe myelin loss 
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in at least one brain region. Predictive probabilities increase exponentially when a combination 

of these pathological features were observed. Interestingly, age, gender, Apolipoprotein E 

(APOE) and Braak stage were not associated with cognitive impairment (Skrobot et al., 2017). 

 

According to a prominent review examining clinicopathological evidence to link cerebrovascular 

changes to cognitive impairment, the key substrates of vascular and parenchymal change 

associated with vascular-related cognitive decline show a high frequency  with  small or micro 

infarcts in the cortical and subcortical regions, cribriform change and perivascular spacing in the 

WM, basal ganglia, internal and external capsules and demyelination and oligodendrocyte 

changes in the white matter (Kalaria, 2016). More moderate associations shown between VCI 

and plaque build-up and occlusive disease in the Circle of Willis and proximal branches of the 

MCA, ACA and PCA, cystic infarcts and white matter, basal ganglia and thalamus and 

hippocampal atrophy and sclerosis in CA1-CA4 (Kalaria, 2016). Whilst, the accumulation of 

cerebral microbleeds manifest in deficits to executive function and processing speed in frank 

VCI (Nannoni et al., 2022). This heterogeneous and multifactorial model of VCI makes it 

difficult to predict the emergence of anatomical damage and associated cognitive impairment.  
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Table 1. Neuroimaging criteria for Vascular Cognitive Impairment. 

Diagnostic criteria  
VICING (Skrobot 
et al., 2017) 

1 large infract, moderate to severe occipital leptomeningeal CAA, moderate to 
severe myelin loss in at least one brain region  

Cerebrovascular 
disease and 
mechanisms of 
cognitive 
impairment 
(Kalaria, 2016) 

high frequency with small or micro infarcts in the cortical and subcortical regions, 
cribriform change and perivascular spacing in the WM, basal ganglia, internal and 
external capsules, demyelination and oligodendrocyte changes in the white matter, 
plaque build-up and occlusive disease in the Circle of Willis and proximal branches 
of the MCA, ACA and PCA, cystic infarcts and WM, basal ganglia and thalamus 
and hippocampal atrophy and sclerosis in CA1-CA4  

California criteria 
(Chui, 1992)  

2 or more ischemic strokes and one infarct outside the cerebellum   

NINDS-AIREN 
(Roman, 1993) 

multiple large-vessel stroke, single strategically placed infarct’ (angular gyrus, 
thalamus, basal forebrain or posterior carotid artery or anterior carotid artery 
territories), multiple basal ganglia and white matter lacune’s, extensive 
periventricular white matter lesions  

Statement from 
the American 
Heart Association 
(Gorelick et al., 
2011) 

One or more of the following; one or more large vessel infarct, extensive or 
strategically placed ingle infarct (typically thalamus or basal ganglia), more than 2 
infarcts outside the brainstem, extensive and confluent WM lesions, strategically 
placed intracerebral haemorrhage or 2 intracerebral haemorrhages 

  

Vascular 
Cognitive 
Impairment (van 
der Flier et al., 
2018)  

macroscopic infarcts, microscopic infarcts, haemorrhages, microbleeds, WMHs, 
neuronal / volume loss, oligodendrocyte loss, astrocytosis, micro gliosis 

 
 

  



24 
 

Cognitive characteristics of symptomatic VCI 

Most brief cognitive screening tests to detect decline in general cognition are tailored towards the 

detection of Alzheimer’s disease and are therefore, largely based on temporal lobe based 

episodic memory deficits. By contrast, in VCI the site of lesions is critical to determine the 

patient’s cognitive impact. Not surprisingly, characterisation of cognitive deficits in VCI has 

been highly unspecific as diagnostic criteria cover many cognitive domains. For example, 

executive function, language, visuospatial processing and episodic memory deficits have been all 

highlighted as key behavioural markers of VCI (Hachinski et al., 2006; Sachdev et al., 2014), 

further underlining the non-specific detection of cognitive impairment so far. However, the 

VASCOG diagnostic criteria (Sachdev et al., 2014) are more specific and state that disturbances 

to frontal and executive processes (slowed information processing, reduced set-shifting ability 

and poorer working memory) are more prominent in VCI.  

 

According to VASCOG, timed executive function neuropsychological assessments may be 

sensitive for the detection of VCI. Subsets from the Montreal Cognitive Assessment (MoCA) 

were thought to be the most sensitive and brief for detecting VCI impairments. Domains of 

immediate and delayed memory via word recall, orientation (testing date, month, year, day, 

place, city) and verbal fluency (required to name maximum number of words in one minute that 

begin with the letter F) are deemed important to delineate a diagnosis of VCI from other 

dementias. However, as stated above, VCI can often accompany AD and hence it is not clear 

whether episodic memory measures can really delineate VCI from AD. Therefore, it is 

recommended to use either more specific vascular impairment screening measures such as Brief 

Memory and Executive Test (BMET)(Brookes et al., 2015) or The Oxford Cognitive Screen 
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(OCS) (Demeyere et al., 2015), as well as more specific fronto-parietal neuropsychological 

measures, such as the Trail Making Test (TMT) (Reitan, 1958) to measure cognitive flexibility, 

as well as set-shifting and attentional paradigms. However, it becomes quickly clear that none of 

these measures were specifically developed for gradual VCI and are better suited towards an 

acute onset of stepwise cognitive dysfunction, such as stroke. Hence might fall short of detecting 

any incipient cognitive changes to inform diagnostic and intervention pathways. 

 

There are currently concerted efforts for such detection for Alzheimer’s disease (AD). By 

contrast, the examination of cognitive markers and their relationship to biomarkers for Vascular 

Cognitive Impairment (VCI) is far less established, despite VCI being highly prevalent and often 

concomitantly presenting with AD. Critically, vascular risk factors are currently associated with 

the most viable treatment options via pharmacological and non-pharmacological intervention, 

hence early identification of vascular factors have important implications for modifying 

dementia disease trajectories. In the following sections, I examine the risk factors which 

contribute to the onset on VCI and associated cognitive and neuroimaging markers.  

 

Method 

Several procedures were followed to ensure a comprehensive review of the literature relevant to 

this narrative review. First, a review of peer-reviewed journals was undertaken using a wide 

range of key terms including; vascular cognitive impairment, preclinical vascular dementia, 

midlife cardiovascular risks. Cross-sectional, longitudinal and retrospective studies were 

reviewed with a focus on experimental studies exploring midlife cognitive and anatomical brain 

changes, the reference section for each article was searched for additional relevant articles. 



26 
 

Databases used included; Neurosynth, Science Direct, PsycARTICLES, PsycINFO, PubMed and 

Google Scholar. The following publications were searched independently Stroke, Brain, 

Hypertension, NeuroImage clinical. For the purpose of this review, I define preclinical VCI as a 

slowing or decline in cognitive or brain function which is associated with the presence of 

cardiovascular risk factors, before the expression of noticeable symptoms or a clinical criteria is 

met for VCI. I excluded articles containing diabetes type 1, CADISIL, CAA, post-stroke VCI. 

 

The literature review revealed, the most prevalent risk factors were hypertension, high 

cholesterol, diabetes type 2 and elevated BMI (see, Table 2.). These were deemed appropriate to 

investigate as they are a) identifiable with standard clinical assessment, b) modifiable with 

pharmacological or behavioural intervention and c) highly prevalent within the general 

population. Each risk factor was then reviewed with a search term postfix of dementia, vascular 

dementia, vascular cognitive impairment, cognition, cognitive decline, cognitive function, 

impairment, midlife, middle age, preclinical, prodromal, brain change, visuospatial, executive 

function, episodic memory, MRI, DMN, EEG, ERP, P300 P3, P3A and connectivity. Based on 

these findings I was able to establish associated cognitive functions affected in midlife and track 

the later life outcomes. The cognitive domains featured in the following sections were 

established after this review of the literature which showed repeated deficits in these areas.  
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Table 2. Midlife VCI-Risk factors predictive of cognitive impairment. 1 

Study Type x̅ age at 
baseline 

Risk Factor Follow 
up (x̅  
years) 

Outcome Measure Domain Summary Reference 

Retrospective 
cohort study 

46 CAIDE risk score sig 
measures; 
Cholesterol >25.9mg
/dl, 
BMI >30KG/M,  
sBP >140mm Hg,  
smoking 

36 Dementia diagnosis 
(unspecified) 

non-specific Modifiable risk factors at 
midlife are predictive of later-
life dementia 

(Exalto et al., 
2014) 

Epidemiologic
al cohort study 

53 Composite;  
Diabetes 200 mg/dL,  
sBP ≥140 mm Hg,  
dBP 90mm Hg,  
BMI 25-32%,  
 APOE-ε4 carrier,  
Lower cognitive 
function 

25 MCI or Dementia 
diagnosis (unspecified) 

non-specific  Cardiovascular risk factors and 
low cognitive function predicts 
MCI and dementia 20yrs later 

(Knopman et al., 
2001) 

Epidemiologic
al cohort study 

50 CAIDE risk score sig 
measures; 
Age >47yrs, 
Education <10yrs,  
sBP >140 mmHg,  
Total cholesterol 6·5 
mmol/L,  
BMI >30KG/M2,  
Inactivity <30mins 
p/w,  
 APOE-ε4 carrier 
Sex: male 

21 Diagnosis of dementia 
(unspecified) 

non-specific  Midlife cardiovascular risk 
predicts dementia 20yrs later 

(Kivipelto et al., 
2006) 

Epidemiologic
al cohort study 

58 Higher lipid level: 
total cholesterol 
(200-239 mg/dL) and 
triglycerides (200-
500 mg/dL) 

20 Z-scores of DWRT, 
DSST, WFT 
 
 
 

General 
cognition 
 
 
 

Midlife elevated lipid level 
predictive of 20-year decline 
on cognition. Association of 
high LDL and triglycerides 

(Power et al., 
2018) 
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LDL; 130-159 
mg/dL and 160-189 
mg/dL 

DSST  
Executive 
function, 
processing 
speed, sustained 
attention 

greater in DWRT with APOE- 
ε4 
 
Elevated midlife LDL 
predictive of selective 
cognitive decline 

Meta-analysis  54 BMI 27.58 kg/m2 
sBP 120.26mm Hg 
dBP 73.27mm Hg 
Total Cholesterol 
214.99mg/dL, 
Glucose level 
107.21mg/dL 

20 Composite score of; 
DWR, DSS, and WF 

memory recall, 
processing 
speed and 
sustained 
attention, 
phonemic 
fluency  

Composite score 
cardiovascular risk associated 
with declined cognitive 
performance over time 

(Gonzalez et al., 
2018) 

Retrospective 
cohort study 

43 High Cholesterol 
≥240 mg/dl 
 
 
Borderline 
cholesterol 200-239 
mg/dl  

17 Dementia diagnosis 
(AD sig, VaD trend)  

non-specific  57% greater risk of AD 
26% greater risk of VaD 
 
50% greater of VaD 
23% greater risk of AD 

(Solomon et al., 
2009) 

Epidemiology 
cohort study 

57 Hypertension 
sBP >140mmHg, 
dBP 90 mm Hg 
 
Prehypertension 
sBP >120mm Hg, 
dBP ns 
 

20 Z-scores; DWRT, 
DSST, WFT 
 
 
 
DSST 

General 
cognition 
 
 
 
Executive 
function, 
processing 
speed, sustained 
attention                      

Midlife hypertension predicts 
cognitive decline, DSST most 
sensitive to preclinical stage. 
Yet, elevated blood pressure at 
late life was not associated 
with cognitive decline 

(Gottesman et 
al., 2014) 

Epidemiology 
cohort study 

25 Hypertension (BP 
variability) 

25 DSST, RAVLT 
 

Processing 
speed, sustained 
attention, verbal 
memory 

Long-term BP variability for 
25 years beginning in young 
adulthood was associated with 
worse psychomotor speed and 
verbal memory tests in midlife. 
Stroop test lacked sensitivity  

(Yano et al., 
2014) 
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Epidemiologic
al cohort study 

71 Prediabetes HbA1c 
level ≥5.8%   
 
Diabetes HbA1c 
level ≥7.1% 

9 MMSE General 
cognition 

Prediabetes and diabetes at 71 
were independently associated 
with accelerated cognitive 
decline 

(Marseglia et 
al., 2019) 

Retrospective 
cohort study 

 ≥50 Diabetes HbA1c 
level ≥6.5% 

8 Diagnosis of dementia 
(unspecified) 

Non-specific Diabetes at midlife increases 
the risk of dementia at follow 
up 

(Hsu et al., 
2011) 

Epidemiologic
al cohort study 

62 Diabetes HbA1c 
level ≥6.68% 

14 DSST  Executive 
function, 
processing 
speed, sustained 
attention 

DM at midlife affects cog 
flexibility and visuospatial 
abilities but not memory. Word 
List and Mosaic Task lacked 
sensitivity 

(Degen et al., 
2016) 

Epidemiologic
al cohort study 

57 Diabetes HbA1c 
level ≥6.5% 

20y DSST, WFT Processing 
speed, executive 
function, 
language, verbal 
fluency 

DM at midlife associated with 
significant cognitive decline 
over 20 years compared to 
controls 

(Rawlings et al., 
2014) 

Meta-analysis  50 BMI ≥25KG/M2 3-36 AD and VAD 
diagnosis  

non-specific  Overweight in midlife 
associated with dementia but 
continuous BMI in late-life 
was not associated with 
dementia 

(Anstey et al., 
2011) 

Epidemiologic
al cohort study 

36-43 BMI ≥25KG/M2 
Gains in waist 
circumference 

30 VMT, Letter Search, 
Simple RT task 

Memory, 
processing 
speed, reaction 
time 

Longer exposure to elevated 
BMI and greater waist 
circumference at midlife 
associated with lower 
cognitive function at 60yrs 

(Masi et al., 
2018) 

BMI = body mass index, sBP = systolic blood pressure, dPB = diastolic blood pressure, APOE-ε4 = Apolipoprotein E subtype 4, LDL = low-density 2 
lipoproteins, HbA1c = Hemoglobin A, DWRT = Delayed Word Recall Test, DSST = Digit Symbol Substitution Test, WFT = Word Fluency Test, RAVLT = Rey 3 
Auditory Verbal Learning Test, TMT = Trail Making Test, MMSE = Mini Mental State Examination4 

5 
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Preclinical VCI 6 

There is a distinct lack of specificity on the diagnostic criteria for cognitive symptoms in VCI. 7 

Indeed, cognitive diagnostic tests in Alzheimer’s disease (AD) are largely based on episodic 8 

memory deficits, due to the initial impact of AD pathophysiology on medial temporal lobe 9 

structures. By contrast, lesion sites in VCI are more heterogeneous and hence symptoms can 10 

range from virtually none to multiple cognitive functions being affected. It is therefore not 11 

surprising that the characterisation of cognitive deficits in VCI has been highly heterogenous to 12 

date. Detection of VCI specific changes in preclinical VCI is therefore even less established, 13 

despite offering significant treatment potential.  14 

 15 

A different approach is to outline which cardiovascular risk factors predict later-life cognitive 16 

impairment. Table 2. Clearly denotes those individuals with VCI risk factors in midlife show a 17 

cognitive decline overtime. Below, I review current, limited evidence on more domain-specific 18 

cognitive measures associated with established VCI risk factors and examine network 19 

connectivity and ERP/EEG contributions to explore potential strategies for the early 20 

identification of VCI21 
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Executive function  

Cardiovascular risk is consistently associated with performance decline when high executive 

demands are required from participants, such as attention and processing speed, similar to 

clinical VCI and VASCOG criteria. For example, hypertension appears to have the biggest 

impact on executive function, motor speed and attention and this is most pertinent for 

hypertension at midlife but not at later-life (Iadecola & Gottesman, 2019). Cognitive decline 

linked to hypertension was shown over a 20-year community-based cohort study (Yano et al., 

2014). The cognitive battery used in this study consisted of the Delayed Word Recall Test 

(DWRT), Digit Symbol Substitution Test (DSST) and Word Fluency Test (WFT) 

administered over three time points over 20 years. Results showed that, on composite scores, 

individuals with high or variable hypertension had greater decline over the 20 year duration, 

compared to individuals with healthy blood pressure, and this effect was independent of age, 

sex, race, education, body mass index, diabetes mellitus, alcohol consumption, smoking 

status, ApoE-ε4 genotype, and stroke history (Gottesman et al., 2014). The Digit Symbol 

Substitution Test was the most sensitive measure to detect this decline. Baseline measures of 

the Digit Symbol Substitution Test at age 75 years have also been shown to predict the onset 

of more general cognitive decline, mobility and mood when adjusted for the presence of 

white matter hyperintensities (Rosano et al., 2016). Although the Digit Symbol Substitution 

Test is sensitive to the presence of wider cognitive dysfunction, it has low specificity. 

Indeed slower processing speeds as detected by this test may serve to identify disorders of 

cognition, mobility and even mood (Jaeger, 2018). 

 

Other studies have explored the link of hypertension to processing speed, and the underlying 

neural changes. For example, it has been shown that hypertension among middle aged men 

(high systolic blood pressure >140 mm Hg) predicted lower grey matter volumes in the 
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supplementary motor area, superior frontal gyrus, anterior cingulate cortex, and left middle 

temporal gyrus (Gianaros et al., 2006). Low grey matter volume in the supplementary motor 

area also predicted slower completion times of the Trail Making Test (part B) and poorer 

recall of items from a four-word short-term working memory test, independent of age, total 

brain tissue volume, educational history, severity of carotid atherosclerosis, and the extent of 

periventricular and subcortical white matter lesions (Gianaros et al., 2006). Similarly, 

diffusion tensor imaging (DTI) studies reported that people with  hypertension showed 

significantly reduced integrity of white matter in the bilateral superior longitudinal fasciculus 

compared to healthy controls (Li et al., 2015) impacting on their processing speed – this 

change being of particular interest given the propensity for injury to white matter tracts in 

clinically established VCI (Prins & Scheltens, 2015). 

 

In addition to hypertension, older adults with type 2 diabetes have shown increased mean 

diffusivity, as measured via DTI, reflecting microstructural white matter abnormalities in the 

superior longitudinal fasciculus, the uncinate fasciculus, the inferior longitudinal fasciculus, 

and the genu and splenium of the corpus callosum (Reijmer et al., 2013). This was associated 

with reduced information processing speed (z scores of; Trail Making Test, Stroop Test, Digit 

Symbol Substitution Test) and worse verbal memory performance (Rey Auditory Verbal 

Learning Test) compared to age matched controls, independent of age, sex, estimated IQ, 

total white matter hyperintensity load, and presence of cerebral infarcts. Cognitive deficits in 

type 2 diabetic individuals have been found to be weaker in younger adults but still detectable 

(Awad et al., 2004), although poor glaucomic control seems to increase the severity of 

cognitive complaints (McCrimmon et al., 2012). Furthermore, in middle age individuals with 

type 2 diabetes, white matter abnormalities have also been detected using DTI (Hsu et al., 

2012), despite no changes shown via resting state fMRI connectivity. Indicating more 
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specific white matter alterations without necessarily affecting the functional connectivity of 

brain regions. Given that individuals with type 2 diabetes demonstrate greater structural 

abnormalities characteristic of VCI (white matter hyperintensities and lacunar infarcts) 

compared to healthy controls, it is promising that these changes appear to be associated with 

identifiable cognitive markers for symptom identification and tracking. 

 

The presence of executive function decline in VCI  is also supported by findings from a 

prospective study examining changes to cerebral blood flow in healthy older adults with the 

APOE-ε4 allele dementia-risk-gene (Haijar et al., 2015). Results showed that APOE-ε4 allele 

carriers had lower cerebral blood flow, and the effects of this on cognitive performance (Trail 

Making Test and the Hopkins Verbal Learning Test) were made worse by the co-occurrence 

of hypertension. However, critically, in individuals with clinically significant hypertension, 

only those with lower cerebral blood flow demonstrated the negative association between 

APOE-ε4 and executive function on the Trail Making Test (part B), compared to individuals 

with higher cerebral blood flow. Yet, there was no interaction between hypertension, APOE-

ε4  and cerebral blood flow with respect to the memory recall measured by the Hopkins 

Verbal Learning Test (Haijar et al., 2015), suggesting that hypertension in individuals at risk 

of dementia with lower cerebral blood flow impairs executive function selectively. This also 

implies that greater cerebral blood flow may act as a protective factor against cognitive 

deficits in APOE-ε4 individuals. This is further confirmed by a cluster analysis investigating 

the implication of hypertension on cognition, mood and mobility in healthy older adults 

(Hajjar et al., 2009). Results showed an association between hypertension, reduced Trail 

Making Test (part B) performance, depressive symptoms and slower speed. Whereas, 

consistent with more recent findings, memory measures (Hopkins Verbal Learning Test; 

immediate recall, delayed recall and recognition) did not reveal such associations (Hajjar et 
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al., 2009). This therefore illustrates that visuospatial and set-shifting deficits in individuals at 

high cardiovascular risk can serve as a potential cognitive marker of VCI, but memory tests 

may be less sensitive.  

 

Finally, individuals with high composite cardiovascular risk scores also show increased 

activation change in the left parietal cortex, associated with greater executive demand  in the 

Flanker task, compared to low risk persons (Chuang et al., 2014), establishing a connection 

between aggregated cardiovascular risk and parietal-mediated cognitive deficits. This nicely 

dovetails with the DTI findings in the superior longitudinal fasciculus and is consistent with 

the view that VCI cognitive and functional impairment is frequently more fronto-parietal in 

nature, as opposed to hippocampal-dependent episodic memory problems that are 

traditionally associated with AD.  

 

Visuospatial function  

Besides the prevalent executive function changes, VCI also often presents clinically with 

visuospatial deficits, this also seems true before the onset of clinical symptoms.  For example, 

findings from a longitudinal cohort study suggests a steeper decline in visuospatial 

performance with age for individuals diagnosed with diabetes type 2 at midlife, compared to 

those diagnosed at a later stage (Degen et al., 2016). For those individuals with midlife 

diabetes, decline over time was observed for the digit symbol test and for visuospatial 

imagery (where participants are required to count the surfaces of three-dimensional 

geometrical figures), compared to individuals diagnosed at a later stage (Degen et al., 2016). 

Assessments of word fluency, visual search and verbal recall tasks did not reveal any deficits, 

suggesting a specific effect of long-term type 2 diabetes in domains of visuospatial 

processing and processing speed, but not memory. 
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White matter hyperintensity volume in healthy mid-life adults has also been associated with 

reduced visuospatial abilities, as assessed using the Hooper Visual Organisation Test(Au et 

al., 2006). Visuospatial memory and organization performance were worse in participants 

with greater white matter hyperintensity volumes, as compared to participants with low white 

matter hyperintensity volumes. A similar pattern of performance was observed for visual 

scanning and motor speed, assessed by the Trail Making Test. In contrast, verbal memory, 

abstract reasoning and naming showed no significant differences between individuals with 

low versus high volume white matter hyperintensity. 

 

Further research shows that young adults with a family history of hypertension (first degree 

relative systolic with blood pressure >140 mmHg before 60 years old) also have different 

neural activations during a visuospatial n-back task, compared to controls, despite equivalent 

task performance(Haley et al., 2008). Relative to controls, individuals with a family history 

of hypertension exhibited lower activation to the visuospatial n-back task in the right inferior 

parietal lobule and the right inferior temporal gyrus, and substantially more deactivation in 

the posterior cingulate (Haley et al., 2008), indicating subtle changes in visuospatial 

mechanisms in healthy individuals with a predisposition to VCI risk-factors. 

 

Episodic memory  

Deficits in episodic memory are less often associated with VCI and more apparent in AD. 

However, there have been some interesting findings from studies with at VCI-risk 

individuals, suggesting that brain regions involved in episodic memory are also affected by 

early neurovascular change. In a cross-sectional study, reduced scores in immediate and 

delayed Emotional Memory and free recall in the California Verbal Learning Test were found 
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in middle aged individuals with type 2 diabetes, compared to healthy controls. In contrast, 

working memory, sustained attention and verbal fluency were unaffected (Yau et al., 2009). 

DTI analysis showed that white matter microstructural abnormalities were present among 

individuals with diabetes and were predominantly located in the frontal and temporal regions, 

particularly the left temporal stem (Yau et al., 2009). These DTI findings may explain the 

lower memory performance present among diabetics, after accounting for age, metabolic 

dysregulation and hypertension. This is supported by a further cross-sectional study 

indicating that older adults with type 2 diabetes had poorer performance on the Rey Complex 

Figure Test (memory recall condition) and longer completion times in the Stroop  test (Moran 

et al., 2013). These results were associated with grey matter loss in the anterior cingulate and 

medial frontal lobes, and with white matter loss in frontal and temporal regions. Interestingly, 

longer diabetes duration (≥15yrs) was associated with impairments in visuospatial and 

inhibition domains, with reduced performance in the Rey Complex Figure Test (copy 

condition), digit symbol coding and digit search over time (Moran et al., 2013). 

 

In addition, older adults with greater cardiovascular burden have been shown to have an 

accelerated decline in episodic memory, working memory, and perceptual speed over time 

compared to lower risk individuals (Song et al., 2020). Episodic memory was assessed 

using Word List Memory, Word List Recall, Word List Recognition and immediate and 

delayed recall of the Wechsler Memory Scale-revised. Working memory was evaluated using 

the Digit Span and digit ordering tasks. Perceptual speed was tested using the Symbol Digit 

Modalities Test, Number Comparison, and 2 indices from a modified Stroop  Test. MRI 

analysis revealed that reduced episodic and working memory performance was associated 

with smaller volumes of the hippocampus, whilst reduced perceptual speed was linked to 

greater volume of white matter hyperintensities (Song et al., 2020). This is supported by an 
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earlier study examining cognition in mild cognitive impairment (MCI) individuals with 

hippocampal atrophy compared with MCI individuals with severe white matter 

hyperintensities. Results show equally impaired episodic memory performance (using an 

object-colour association task) for both groups but with additional impairment for the MCI 

individuals with white matter hyperintensities in tests tapping verbal and spatial working 

memory abilities and attentional control processes (Nordahl et al., 2005). This potentially 

suggests white matter hyperintensities reflect disruption to the white matter tracts 

(dorsolateral prefrontal cortex and connected neural circuits), which result in diminished 

executive control processes critical to working memory, that may in turn impair episodic 

memory function (Nordahl et al., 2005). 

 

This account of insidious pathology in VCI-risk populations indicates that early 

manifestations of VCI may also span medial temporal and related networks. However, at this 

stage it is unclear whether these episodic memory impairments are in line with age-related 

memory decline, concomitant AD or a collateral effect of VCI. Regardless, it emerges that 

the cognitive changes in preclinical VCI might more affect networks of brain regions, instead 

of discrete areas, in particular when white matter tracts are affected. In the following section I 

will review therefore how potentially the network connectivity between brain regions might 

be affected in preclinical VCI and how this will impact on the cognitive symptomology.   

 

Structural Changes 

fMRI 

Disruptions to the default mode network (DMN) is of major interest in preclinical dementia. 

The DMN consists of a network with three major subdivisions: the ventral medial prefrontal 

cortex, the dorsal medial prefrontal cortex and the posterior cingulate cortex and adjacent 
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precuneus plus the lateral parietal cortex (Greicius et al., 2004; Raichle, 2015)  that co-

activate when subjects are at rest and de-activate when subjects become engaged in external 

cognitive tasks. It is thought that DMN dysconnectivity  could represent a biomarker for 

preclinical AD and this may be related to cerebrovascular function (Chand et al., 2017; 

Haight et al., 2015). Cerebrovascular reactivity was significantly reduced in the posterior 

cingulate/precuneus and anterior cingulate areas  of the DMN for those with hypertension and 

prehypertension (defined as either systolic blood pressure >= 130 mmHg, diastolic blood 

pressure >= 85 mmHg or use of blood pressure medication) as compared to healthy controls 

(Haight et al., 2015). Similarly, MCI patients with evidence of cerebrovascular infarcts  also 

showed differing underlying (de)activation patterns compared to MCI individuals free from 

infarcts, during an n-back task, even though neuropsychological scores were similar (Papma 

et al., 2013). Results indicate impaired deactivation in the precuneus/ posterior cingulate 

cortex, for those MCI individuals with infarcts. Additionally, greater activation was observed 

in the anterior cingulate gyrus during differing memory loads compared to MCI patients 

without infarcts. To suggest a differing working memory load fMRI response between groups 

and potentially indicating different DMN connectivity for preclinical VCI individuals as 

compared to early stage AD individuals and would also nicely dovetail with the white matter 

changes reported in preclinical VCI (though see, (de Leeuw et al., 2001)). 

 

Frontal networks, including the salience network primarily composed of the anterior insula 

and the dorsal cingulate cortex, involved in sustained attention and task switching, have also 

been implicated in dysconnectivity in MCI individuals with elevated mean systolic blood 

pressure (150 mmHg), compared to healthy aged matched controls (Chand et al., 2017). The 

resting state fMRI study in MCI, healthy age matched controls and young adults showed that 

the salience network, particularly its dorsal sub-network, modulates the interactions between 
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the DMN and the central executive network in young adults and healthy aging. This pattern 

of modulation in the salience network was interrupted in MCI and the degree of disruption 

was associated with lower overall cognitive scores on the MoCA (Chand et al., 2017). 

Importantly, the authors commented that the effect was particularly pronounced in the MCI 

individuals due to their elevated blood pressure and more pervasive ‘executive’ impairments 

assessed by the MoCA, TMT, Stroop interference and verbal frequency. Based on these 

findings, salience network changes might be indicative of measuring frontally mediated 

executive impairment and associated vascular pathophysiology in MCI. This would also 

dovetail with findings showing that dysfunction to the DMN/ salience networks and 

associated functional impairment may be predictive biomarkers of later-life VCI (Lockhart et 

al., 2012; Zhang et al., 2013).  

 

ERP/EEG 

Network dysfunction can not only be measured via fMRI but also via EEG derived measures 

such as event-related potentials (ERPs) or frequency analyses. This approach has been 

successfully employed to patients presented with clinical dementia syndromes(Pedroso et al., 

2012). The P300 component in particular, has been suggested as a physiological marker of 

preclinical AD (Lai et al., 2010). P300 is thought to be evoked by the rapid detection of 

environmental changes and is associated with domains of working memory as well as 

attention and characterized by a positive deflection with a latency between 250 and 500ms 

(Lee et al., 2013). A classic paradigm for evoking the P300 response is the oddball task, 

where participants have to detect rare stimuli among frequently occurring standard stimuli. 

‘Oddball’ target stimuli typically evoke a response that is maximal at parietal electrode sites 

(P3b), whilst novel stimuli evoke a response that is maximal at frontal sites (P3a;(Linden, 

2005)). These novel and target P300 components can be used to evaluate cognitive decline 
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(Lai et al., 2010) and evidence suggests that decreased P300 amplitude is associated with 

reduced language, memory and executive function performance in AD (Lee et al., 2013). 

Additionally, non-clinical older adults with reduced cognitive ability (MoCA score <25) 

demonstrate reduced P300 amplitude compared to age matched controls and healthy young 

adults(Newsome et al., 2013). Reduced P300 latencies have also been observed in MCI and 

in AD, compared to healthy controls (for a review see, Howe et al., 2014). 

 

Importantly, one study reported that VCI and AD could be differentiated by including novel 

stimuli in an auditory oddball paradigm (Yamaguchi et al., 2000). Results showed that the 

novel P300 amplitude (P3a) was markedly reduced in VCI patients, but that it was preserved 

in AD and controls (Yamaguchi et al., 2000). Further, source localisation studies indicate that 

VCI patients have an impaired parietal-to-frontal and parietal-to-central connectivity during 

the oddball paradigm (200-300ms after stimuli onset) compared to controls, showing a 

weakened outgoing connectivity from parietal regions (Wang et al., 2014b, 2016). This 

response appears different compared to AD groups where a shift of maximum intensity 

location during the P300 response occurs from the frontal-to-temporal lobes (Tsolaki et al., 

2017). The P300 component could also be a promising biomarker in preclinical individuals as 

the ‘oddball’ response in middle age type 2 diabetics (Hazari et al., 2015) and hypertensive 

older adults (Cicconetti et al., 2007) includes increased P300 latencies compared to healthy 

controls. Taken together, the evidence suggests this differing ERP response may reflect 

dysconnectivity between posterior and anterior structures in at VCI-risk individuals – 

reminiscent of white matter tract dysfunctions in preclinical and clinical VCI individuals.  
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Spatial orientation as a tool to detect cognitive decline? 

 

Neuroanatomy of spatial orientation 

However, one particularly striking aspect emerging from our review is that despite parietal 

functions, areas, and connections being commonly affected in VCI, cognitive and neural 

measures rarely tapped into those. In addition, the fronto-parietal network and superior 

longitudinal fasciculus (white matter tract connecting parietal, temporal with prefrontal 

regions) is heavily implicated in underpinning executive function (Fuentes-Claramonte et al., 

2021; Sasson et al., 2012) but also likely plays into parietal dysfunction in VCI. Interestingly, 

this white matter tract is also thought to play a role in spatial processing (Smith et al., 2011). 

As such, investigations into parietal mediated spatial orientation could be a potentially novel 

and more specific approach towards VCI and may help to discriminate between VCI and AD 

pathology.  

 

Spatial orientation is an important cognitive function used in everyday life. It allows us to 

navigate familiar or new environments, locate and interact with objects and have a frame of 

reference in our memory to successfully navigate and maintain a trajectory from one location 

to the next (Coughlan., 2018)  It is widely considered there are two frames of spatial 

navigation that work in parallel and integrate spatial coordinates. Our egocentric frame of 

reference is concerned with the spatial relation between objects or landmarks and the self. It 

is focused on processing spatial information from a person-centred perspective. While our 

allocentric frame of reference involves the spatial relation between the position of objects and 

landmarks relative to each other and is focused on map-based representations. Both frames 

are informed by spatial information from multi-faceted person-to-object centred and 

environmental cues (Colombo et al., 2017). Both frames are required for everyday navigation 
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with egocentric and allocentric processes shifting as a function of navigational demands 

(McNaughton et al., 2006). Path integration is integral to spatial navigation as it allows an 

individual to keep track of and return to their starting location on the basis of visual, self-

motion, vestibular and proprioceptive feedback which represent current position and heading 

direction in references to a permanent location (Etienne & Jeffery, 2004; Knierim et al., 

2014; McNaughton et al., 2006). This process involves translating distance travelled with 

changes in direction of movement either relative to our allocentric or egocentric orientation 

(Burgess, 2006). Multisensory (visual, self-motion, vestibular and proprioceptive) feedback 

combine egocentric and allocentric frames of reference, allowing path integration to 

continuously update this information, allowing one to keep track of one’s position in space 

(Coughlan et al., 2018b; Rieser, 1989). 

 

Research shows egocentric referencing is vital for self-orientation of small and familiar 

environments (Wang & Spelke, 2000), such as navigating around your home or to a local 

shop.  Whereas allocentric referencing is employed when navigating a new route or city for 

the first time. Both processes are continuously updated by information from visual, motor-

movement, vestibular and proprioceptive mechanisms (McNaughton et al., 2006). It is 

thought that typically we preferentially rely on egocentric referencing as a quick and 

automatic way of remembering spatial information (Diwadkar & McNamara, 2016; Waller & 

Hodgson, 2006). Though, spatial navigation is most effective when we integrate both 

egocentric and allocentric frames (Waller & Hodgson, 2006).  

Egocentric orientation relies more on the prefrontal and parietal cortex to localise the position 

of objects relative to the body (Arnold et al., 2014; Goodale & Milner, 1992), the precuneus 

then uses these location cues to form the basis of an egocentric representation of the 

surrounding space, integrating self-motion cues with the egocentric reference frame (Wolbers 
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& Wiener, 2014). Though, the body of evidence examining the neural correlates of the 

egocentric frame, is largely informed from posterior parietal cortex (PPC) lesion patients. 

The dorsal ventral stream (Whitwell et al., 2014), an established theoretical network starting 

at the primary visual cortex extending to the parietal cortex is thought to determine the 

position of objects relative to the body in order to act and guide navigation (Goodale & 

Milner, 1992). Typically discussed in the context of hemispatial neglect, studies show the 

PPC is not only involved in the perception of visual information but also the internal 

representation of it. The PPC is thought to be a multimodal ‘hub’ for egocentric presentations 

integrating visual, motor and somatosensory input used to encode objects for reaching 

towards (Byrne et al., 2007; Cavina-Pratesi et al., 2018; Desmurget et al., 1999; Meek et al., 

2013), movement with respect to landmarks and the imagination of scenes from the person-

centred perspective (Colombo et al., 2017). The caudate nucleus (Cook & Kesner, 1988), 

medial parietal lobe and precuneus (Burgess, 2006a, 2008; Colombo et al., 2017) are all 

implicated in landmark position, attention and the integration of egocentric information. 

There is also evidence of frontoparietal networks involved in egocentric spatial processing 

(Vallar et al., 1999), as well as domains of spatial working memory and executive function 

(Burgess et al., 2007). 

Whereas allocentric orientation is reliant on the formation of maps using place, grid and 

boundary vector cells situated mainly in the medial temporal lobe (Lester et al., 2017), which 

fire in specific spatial locations regardless of the persons orientation (Aguirre et al., 1996). 

Parahippocampal involvement is also vital for scene construction (Coughlan et al., 2018b). 

The integration of egocentric and allocentric frames occurs in the retrosplenial cortex (RSC), 

which is a critical interface between the medial temporal and medial parietal regions 

(Alexander & Nitz, 2015). Dorsal-medial regions of the RSC are thought to be implicated in 

orientating and recalling unseen locations from a current position in space, whilst ventro-
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lateral portions were more linked to updating and integrating scene information (Burles et al., 

2017). The RSC is primarily involved with the translation of egocentric and allocentric 

information (Byrne et al., 2007; Takahashi et al., 1997), this path integration acts to combine 

heading direction from a parietal and person-centred reference with hippocampal landmark 

information to provide a more integrated representation of the environment (for illustration 

see, figure 3). Though, no single brain region serves as the primary underpinning of 

egocentric or allocentric navigation, instead a network of interacting brain structures 

subserving spatial navigational processes are thought to dynamically interact (for a review, 

see Ekstrom et al., 2017).   

 

Spatial orientation and pathological aging  

Spatial navigation deteriorates in healthy aging but appears more focused to allocentric 

strategies while egocentric remain intact (Gazova et al., 2013; Li & King, 2019). Spatial 

navigation is an established marker of cognitive impairment in AD(Coughlan et al., 2018b) 

We largely understand that in AD allocentric and egocentric orientation is impaired and this 

is also present in the preclinical and prodromal stages (Coughlan et al., 2019). It is thought so 

effective as brain regions underpinning spatial navigation overlap with AD pathophysiology 

(see, Figure. 3). By contrast the pathophysiology of VCI is far more heterogenous. Yet, from 

the above review there appears to be emerging evidence to suggest the frontoparietal network 

may be one of the first regions to show dysfunction in preclinical VCI (Lowry et al., 2021; 

Veldsman, Tai, et al., 2020), which overlap with brain regions involved in spatial navigation.  
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Table 3.Typical neural substrates of cognitive symptoms of VCI compared to AD. 

 Frontal Parietal Temporal 
VCI +++ ++ + 
AD + + +++ 

 Strength of symptoms, + low; ++ moderate; +++ high 
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Innovative and novel virtual reality tests of spatial navigation can be easily applied in clinical 

settings and appear more robust than traditional validated tests of spatial navigation (Mitolo 

et al., 2015; Schinazi et al., 2013). Computer generated environments unlike the ‘real world’ 

are able to maintain well controlled testing conditions and determine the navigational 

complexity and provide test environments which can isolate egocentric and allocentric 

processes. Previous studies using tests of virtual reality have shown that in patients with AD 

typically both the egocentric and allocentric frame of reference are impaired, which is 

thought to be underpinned by widespread neurodegeneration in medial temporal, parietal and 

frontal bran regions (Irish et al., 2015; Jheng & Pai, 2009; Pengas et al., 2010; Serino et al., 

2015; Serino & Riva, 2013).  

 

 

 

Figure 3. Schematic illustration of the anatomy of spatial navigation in the context of Alzheimer’s 

disease pathophysiology in preclinical, prodromal and symptomatic stages of the disease. Figure 

originally from Coughlan et al., 2018b. 
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Tasks that tap into spatial navigation, and more specifically path integration therefore provide 

a promising ecological, cognitive framework to detect medial temporal and medial parietal 

pathophysiology. Not surprisingly, path integration has been already explored in AD 

(Morganti et al., 2013; Ritchie et al., 2018; Serino et al., 2014; Vlček & Laczó, 2014) and the 

advent of VR based testing has allowed such tests to be clinically available (Morganti et al., 

2013; Parizkova et al., 2018; Plancher et al., 2012). We have developed previously such tests, 

the Virtual Supermarket test and Sea Hero Quest, is now used across many large cohorts and 

drug trials as it can reliably detect path integration differences in preclinical and clinical 

dementia populations (Tu et al., 2015, 2017; Coughlan et al., 2019). The VR tasks reliably 

measures spatial processes of: i) egocentric self-reference navigation; ii) allocentric map-

based navigation and iii) heading direction.  For example, it is previously shown that the test 

allows distinction of behavioural variant fronto-temporal dementia (bvFTD) from AD, with 

AD showing particularly problems in switching between egocentric and allocentric frames 

during path integration (Tu et al., 2017). Importantly, these switching problems in AD were 

associated with grey matter atrophy in the RSC (Tu et al., 2015).  

 

In addition to this, and critical to this thesis, a recent case study has shown using the virtual 

supermarket test and novel bedside assessments of spatial orientation that in fact egocentric 

orientation deficits, mediated by fronto-parietal structures, may be a promising marker for the 

identification of vascular pathology (Coughlan et al., 2018a). This coupled with MRI and 

ERP experimental findings from VCI and at-risk individuals may mark a promising path 

forward for the development of selective markers focused on connectivity changes across key 

brain structures. 
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Conclusion & outlook 

There is clearly a disconnect between well-established neural markers of VCI and how they 

relate to cognitive symptomology. This may be explained by the current lack of a gold 

standard or single domain cognitive measures to detect VCI, either clinically or preclinically. 

Instead, current cognitive measures lack the specificity to isolate VCI pathology and 

sensitivity to detect its earliest symptoms. This might not be a problem per se, however 

clinically a functional readout of how symptoms change over time, including cognitive 

problems, is important for disease prevention, management, and tracking.  

 

Taken together, the reviewed evidence suggests that impaired executive function, visuo-

spatial and set-shifting ability along with dysconnectivity between the frontal-parietal 

networks and subcortical structures (cingulate, insula and precuneus) may predict VCI onset. 

The VASCOG guidelines (Sachdev et al., 2014) highlight that disturbances to frontal and 

executive processes (slowed information processing, reduced set-shifting ability and poorer 

working memory) are prominent in VCI. Although this contributes towards identifying the 

cognitive and biological markers of preclinical VCI, the current clinical measures (MoCA, 

TMT, DSST…) might not be sensitive or specific enough to detect the earliest VCI changes 

or disassociate it from incipient AD pathophysiology. Instead, more experimental measures 

informed by preclinical neural and cognitive change need to be explored to fill the gaps in 

this research area and aid our understanding of biomarker development of this insidious 

multifaceted disease.  

 

Although neuroimaging is less accessible for clinical utility, it is clear network approaches 

should be explored to identify at VCI-risk individuals to help inform more selective cognitive 

testing.  Although, this area of research is in its infancy the present review suggests 
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neuropsychological assessments which tap into structures affected at the preclinical stage of 

VCI (see, outcome measures listed in Table. 2) are more appropriate for diagnostic and 

screening purposes compared to more multi-domain assessments. Yet, new and novel 

methods assessing self-referential spatial navigation seem to have greater selectivity and 

specificity than more traditional pen and paper tasks (see, Lowry et al., 2020). 

 

Figure 4. Schematic illustration of brain regions implicated and potential model of 
dysconnectivity emerging between parietal sites and connecting anterior regions. Figure 
originally from Lowry et al., 2021. 

 

However, the current review is not without limitation. VCI is highly heterogenous in terms of 

expression, as well as pathogenesis. Therefore, we have not considered the complex 

interaction of risk factors (for a review, see Van Der Flier et al., 2018), or how they may 

contribute towards potential different expressions of preclinical VCI. Nor, have I discussed 

the latter stages of VCI at its clinical threshold or how specific lesion sites may be 

incorporated into our preliminary model (see, figure 4) of prodromal change. This is due to 

this review being focused on modifiable mechanisms that contribute to cerebrovascular 

change with an aim to identify their cognitive fingerprints at an early stage. However, 
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longitudinal tracking of the risk factors, along with cognitive and neuroimaging markers 

discussed above, may help identify at-risk individuals and a potential ‘sensitive window’ to 

deduce if/or when symptomology could be slowed or halted with appropriate intervention. I 

also acknowledge that the body of literature examining cognitive and neuroimaging 

correlates of risk factors that predate VCI is limited and has highlighted the need for further 

resources and investigation to gain a broader understanding of the preclinical stage. Above, in 

Figure 4. I have provided a schematic illustration of the brain regions implicated at the 

prodromal stage of VCI and a potential preliminary model of emerging dysconnectivity. 

 

Growing evidence indicates that cardiovascular risk factors are associated with increased 

structural and metabolic change in the brain, worse cognitive performance and increased 

dementia risk. Yet, research is still lacking in detecting these symptoms in preclinical 

individuals before presentation of frank VCI. However, from the research discussed 

throughout this review there appears to be an emergence of cognitive dysfunction and 

connectivity changes in at VCI-risk individuals and as such, a more subtle and sophisticated 

approach is required to detect these biological and behavioural markers in their earliest 

manifestations. Focusing investigation into new and novel screening techniques to detect this 

dysfunction is key to providing clinical utility in order to identify, intervene and track disease 

progression as well as personalise treatment pathways. 

 

To help close this gap, it is important to identify if there are cognitive or neuroimaging 

factors that are associated with VCI and the preclinical stage. Specifically, this includes 

studying if spatial orientation deficits are in fact, a sensitive and selective marker of VCI. 

This thesis also aims to build on our findings and examine if the spatial orientation deficits 

observed in VCI patients can be translated to identify at risk individuals in the prodromal 
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stage. In conclusion, addressing the current limitations of the literature would enhance the 

understanding of spatial orientation in VCI, to be used as a diagnostic tool.  
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Thesis aims and objectives  

 The aims for the experimental chapters outlined in this thesis include: 

• To investigate if spatial navigation deficits, namely egocentric orientation, can be 

used as a sensitive and selective marker of VCI and disassociate from Alzheimer’s 

dementia patients to aid cognitive diagnostic testing.  

• Investigate the trajectory of change in spatial orientation deficits over a three-year 

period in the VCI case study, RK, who originally motivated this line of inquiry and 

gain a better understanding of the neural correlates of his symptoms. 

• Investigate if egocentric orientation deficits exist in at VCI-risk individuals to help 

inform early disease detection. 

• Observe if EEG using the P300 response will reveal differences in fronto-parietal 

processing in at VCI-risk individuals, in line with our working hypothesis discussed 

in Chapter 1, indicative of VCI progression.  

 

A conclusion and discussion of the overall chapters will be found in Chapter 5. The novel 

spatial orientation test battery includes the Virtual Supermarket Test, the Clock Orientation 

Test and Sea Hero Quest which will be discussed in detail in each chapter. Each experimental 

chapter will conclude a set of specific hypotheses. The overarching hypotheses of the 

research thesis are: 

• VCI patients will have an egocentric deficit compared to Alzheimer’s disease patients 

who will have an allocentric deficit. 

• RK’s egocentric orientation deficit will persist and be associated with reduced white 

matter integrity of the superior longitudinal fasciculus.  

• At VCI-risk individuals will have egocentric deficits, reduced P300 amplitude and 

delayed latency compared to healthy controls.  
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Chapter 2: Path Integration Changes as a Cognitive Marker for 

Vascular Cognitive Impairment? 

 
Published paper  

 
Lowry, E., Puthusseryppady, V., Coughlan, G., Jeffs, S., & Hornberger, M. (2020). Path integration changes as 

a cognitive marker for vascular cognitive impairment?—A pilot study. Frontiers in Human Neuroscience, 14, 

131. 

 

Introduction  

Vascular cognitive impairment (VCI) is the second most prevalent cause of cognitive decline 

after Alzheimer’s disease (AD) and is thought to account for ~20% of all dementias 

(Goodman et al., 2017; Van Der Flier et al., 2018a). Although, individuals with mixed (AD 

and VCI) pathology are estimated to account for up to 70% of all dementia cases (Toledo et 

al., 2013). Despite the high prevalence of vascular impairment, its cognitive correlates are 

still being explored. Clinically, VCI is considered to involve a decline in executive function 

and higher order cognition such as information processing, planning, set-shifting and working 

memory (Hachinski et al., 2006; Sachdev et al., 2014). These changes are mostly attributed to 

micro and macro infarcts in subcortical and cortical regions, as well as their connecting white 

matter tracts (Beason-Held et al., 2012; van der Flier et al., 2018), in particular affecting 

frontoparietal networks. Nevertheless, attributing such executive changes to VCI specifically 

has remained challenging, as deficits in executive function can also present as part of AD or 

related pathophysiology (Guarino et al., 2019; Neufang et al., 2011). However, the recent 

development of novel spatial navigation cognitive markers for AD show promise in being 

more specific to underlying disease pathophysiology (Coughlan., 2018b) and may help to 

identify cognitive decline specific to VCI. A clear distinction between VCI and AD is 

essential to both clinician’s and patient’s as with appropriate intervention VCI can be slowed 

or halted, whereas AD has a fixed and terminal prognosis. 
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Spatial navigation has already been explored in AD (see Chapter one; Morganti et al., 2013; 

Serino et al., 2014; Vlˇcek and Laczó, 2014; Ritchie et al., 2018). In contrast to the exciting 

findings in AD, less is known about path integration in VCI, despite path integration 

potentially allowing as well to tap into parietal deficits in VCI (Haight et al., 2015; Maguire 

et al., 1998; Papma et al., 2013; Wolbers et al., 2004). A previous case study by our group 

explored path integration in a 65-year-old male with VCI.  The findings showed that the 

vascular patient had normal performance on allocentric orientation but a clear and isolated 

deficit in egocentric and heading direction sub-components of the path integration tasks 

(Coughlan et al., 2018a). These findings are consistent with frontoparietal network 

disruptions typically seen in vascular dementia patients (Beason-Held et al., 2012; Sachdev et 

al., 2014; van der Flier et al., 2018) and may suggest medial parietal changes impede the 

egocentric frame of reference and subsequent path integration.  

 

Aims and hypotheses 

The current study leads on from this case study by exploring path integration in a group of 

VCI patients, and importantly comparing them against a group of AD patients and controls. 

Navigation will be tested using the Virtual Supermarket task where participants move 

through the virtual environment to a series of locations and are tested on their egocentric, 

allocentric and heading direction response. It is hypothesised that i) medial parietal mediated 

egocentric processes will be more affected in VCI; ii) medial temporal mediated allocentric 

processes will be more affected in AD. 
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Methods 

 

Participants  

Nine early stage vascular cognitive impairment and 10 early stage Alzheimer’s disease 

patients along with 20 healthy controls were recruited from the community using ‘Join 

Dementia Research’ to participate in the study at the University of East Anglia as part of the 

wider The Dementia Research and Care Clinic (TRACC) study. The research was approved 

by the Faculty of Medicine and Health Sciences Ethics Committee at the University of East 

Anglia (reference 16/LO/1366) and written informed consent was obtained from all 

participants. Clinical diagnosis (VCI or AD) was classified by a consultant at the Norfolk and 

Suffolk Foundation Trust by interviewing the patient, examining neuropsychological 

assessment scores, structural clinical MRI scans and the patient’s medical history which met 

the diagnostic criteria for VCI (see, VASCOG criteria (Sachdev et al., 2014)) or AD (see, 

NINCDS-ADRDA criteria (Dubois et al., 2007)). For clarity, the structural MRI profile of 

VCI was indicated by subcortical infarcts and white matter hyperintensities, whilst volume 

loss focused to medial temporal lobes was associated with AD pathology. Disease duration 

was reported by the person’s study partner (a spouse or relative). Participants had no history 

of psychiatric or neurological disease, substance dependence disorder or traumatic brain 

injury and had normal or corrected-to-normal vision. None of the patients study partners in 

this experiment reported problems with spatial orientation before dementia onset or a history 

of developmental topographical disorientation (Iaria et al., 2009). All participants underwent 

neuropsychological screening, including cognitive screening, episodic memory and spatial 

memory tasks, Addenbrooke’s cognitive examination (ACE-III) (Hsieh et al., 2013), Rey–

Osterrieth Complex Figure Test (RCFT) copy and with 3-min delayed recall (Shin et al., 

2006), Cube Analysis, Dot Counting and Position Discrimination from the Visual Object and 
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Space Perception Battery (VOSP) (Warrington & James, 1991), Free and Cued Selective 

Reminding Test (FCSRT) (Buschke, 1984). 

 

Measures and Materials  

 

Virtual Supermarket Task  

The Virtual Supermarket Task has been developed by our group previously and used in 

symptomatic mild cognitive impairment (MCI), AD, frontotemporal dementia (FTD) and 

VCI patients(Coughlan et al., 2018a; Tu et al., 2015, 2017).The VR task is an ecological test 

of spatial navigation abilities designed to simulate navigating through a real-world 

supermarket. An iPad 9.7 (Apple Inc.,) was used to show participants 20-40 second video 

clips of a moving shopping trolley in the virtual supermarket (Figure. 5A-C). Videos were 

presented in a first-person perspective and participants are provided with optic flow cues 

from the moving shopping trolley and changing scenery as it followed different routes to 

reach a different end point in each trial. The task avoids the use of landmarks or salient 

features within the environment and limits the demand on episodic memory, reflecting 

similar tasks in the literature (see Cushman et al., 2008; Morganti et al., 2013; Wolbers et al., 

2007) and  taps into path integration processes via three core spatial processes: i) egocentric 

self-reference navigation; ii) allocentric map-based navigation and iii) heading direction. 

Once the video clip stops, participants indicate in real-life the direction of their starting point 

(egocentric orientation; Figure 5D). In a second step, participants indicate their finishing 

location on a birds-eye view map of the supermarket (allocentric orientation; Figure 5E), 

performance is calculated using the distance error (mm) between this and the coordinates of 

the actual finishing location. This map-based component provides an assessment of 

geocentric encoding of the virtual environment. The participant then indicates their heading 
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direction at the finishing point, which determines the ability to which heading direction was 

encoded and updated throughout the task. The tasks consists of 14 trials and takes 

approximately 15 minutes to complete. 

 

Clock Orientation test  

The Clock Orientation test has also been developed by our lab(Coughlan et al., 2018a) as a 

bedside clinical test for egocentric orientation. It requires participants to imagine they are 

standing in the centre of a large clock, facing a particular number, e.g., the number 3. 

Participants are then asked “which number is directly behind you?” (Answer: number 9). 

Next participants are asked to point, in real-life, to the positions of different numbers on the 

clock face in relation to the number that they are currently facing. For example, “You are 

facing number 12, can you point to the number 3?” (Answer: pointing right). The questions 

increase in complexity across the test and require medial parietal mediated mental imagery, 

rotation and egocentric processes, with no episodic memory demand. The test consists of 12 

trials and takes 5-10 minutes to complete.  

 

Procedure  

Participants completed a battery of neuropsychological assessments at their home (see Table 

4 for list of tasks). In a second session participants had a clinical interview held at the 

Norfolk and Suffolk Foundation Trust and undertook cognitive experimental tests (including 

the virtual Supermarket task and Clock Orientation test).  

 

Statistical Analysis 

Statistical analysis was performed using IBM SPSS (Version 25). Chi square and two tailed 

one-way univariate analysis of covariance (ANCOVA) with age and sex as covariates were 
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used to test the significance of any demographic or neuropsychological differences between 

the clinical groups. When quantifying group differences, partial eta-squared (np2) was used as 

a measure of effect size (ηp
2 = 0.01 indicates a small effect, ηp

2 = 0.06 indicates a medium 

effect and ηp
2 = 0.14 indicates a large effect (Cohen, 1988)). The Virtual Supermarket task 

has 3 measures -specifically egocentric response, allocentric response and heading direction. 

Each outcome measure was individually entered into a one-way analysis of covariance 

(ANCOVA) with group as the independent variable and age and sex as covariates. Although 

groups were well matched for age and sex, these covariates were decided as evidence 

suggests they can affect navigational behaviour (Coutrot et al., 2018). The Clock Orientation 

test was also analysed using a one-way ANCOVA with group as the independent variable 

and age and sex as covariates. Post-hoc pairwise comparisons were conducted using 

Bonferroni adjustment for multiple comparisons. Sensitivity and specificity of the egocentric 

supermarket task and clock orientation test performance in VCI and AD were compared 

using logistic regression and ROC curve analysis. A Z-score of AD performance was 

computed for 7 missing values for one AD patient in the Virtual Supermarket task.  
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Figure 5. Screenshots from the Virtual Supermarket task, showing (A) starting viewpoint, (B) 

movement during the example video clip, (C) end location of an example video clip, (D) 

onscreen instructions prompting the participant to indicate the direction of their starting 

point, (E) the supermarket map participants use to indicate their finishing location and their 

heading direction when the video clip ends.  

 

Results 

 

Demographics and Neuropsychology 

Participant groups were well matched and no significant differences in demographic 

measures were observed between the VCI, AD and control groups (all p-values > .1). 

ANOVA of participant groups showed both VCI and AD patients performed significantly 

lower on a general cognitive screening test (ACE-III) and the memory recall domain of 

RCFT compared to controls (all p-values < .01). Results showed no significant 

neuropsychological differences between the VCI and AD patients for the ACE-III, RCFT 

recall condition, VOSP dot counting and cube analysis sub-sets (all p-values > 0.1. However, 

VCI patients were significantly more impaired than AD patients in the RCFT copy condition, 
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FCSRT free recall condition and the VOSP position discrimination (all p-values < .1) (see 

table 4). 
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Table 4. Demographic characteristics and neuropsychological performance. 

 VCI AD Control   
 Mean (SD) Mean (SD)  Mean (SD)  Sig post-hoc VCI vs. 

AD comparisons 
n 9 10 20   

Sex (F/M) 3/6 2/8 9/11 ns 

Age 70.22 (4.57) 69.91 (7.7) 69.6 (6.45) ns 
Disease duration 3.13 (2.64) 2.81 (2.21) n/a ns 
General cognition    

Total ACE-III  69.44 (12.9) 72.1 (22.41) 95.1 (3.13) ns 
ACE: Attention 13.5 (.72) 15.75 (.72) 17.6 (.45) ns 
ACE: Memory 13.5 (1.73) 17.13 (1.17) 24.3 (.74) ns 
ACE: Fluency 7.13 (.59) 8.12 (.59) 11.7 (.37) ns 
ACE: Language 21.77 (2.44) 22.33 (3.04) 25.6 (.61) ns 
ACE: Visuospatial 11.5 (1.19) 16.67 (1.12) 15.8 (.75) ns 
Visuospatial ability 

   

RCFT: Copy 22.1 (7.17) 28.4 (8.92) 32.72 (3.23) ns 
RCFT: Recall 7 (5.65) 11.8 (8.12) 17.55 (5.43) ns 
Dot Counting 9.5 (0.71) 9.8 (0.42) 10 (0) ns 
Position Discrim 18.87 (1.27) 19.7 (0.67) 19.85 (0.37) ns 
Cube Analysis 8.11 (2.62) 8.7 (1.88) 9.8 (0.52) ns 
Memory ability      
Total FCSRT 29.21 (2.84) 42.91 (2.63) 47.92 (2.01) * 
FCSRT: Free recall 8.83 (7.94) 17.14 (8.83) 26.83 (4.17) ns 
FCSRT:Cued recall 25.7 (4.94) 20.5 (7.2) 23.35 (4.87) ns 
Supermarket task     
Egocentric 3.44 (3.24) 9.4 (2.27) 8.1 (3.7) * 
Allocentric 69.1 (38.11) 48.41 (12.17) 30.2 (14.13) ns 
Head direction 4.8 (1.33) 5 (3.41) 7.1 (0.9) ns 
Clock test 5.43 (0.81) 10.1 (1.2) 10.1 (0.51) ** 

*Significant group differences between VCI and AD patients. *p < 0.01, **p < 0.001, ns = non-significant. 

ACE-III = Addenbrooke’s cognitive examination. RCFT: Copy = Rey-Osterrieth Complex Figure Task, copy 

condition. RCFT: Recall = Rey-Osterrieth Complex Figure Task, recall 3 min after copy. Dot Counting, 

Position Discrimination, and Cube Analysis = sub-sets from Visual Object and Space Perception Battery 

(VOSP). FCSRT: free recall = Free and Cued Selective Reminding Test, free recall Test condition, FCSRT: free 

recall = Cued and Cued Selective Reminding Test, cued condition. 
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Group differences in spatial navigation  

 

Virtual Supermarket Test 

An ANCOVA with age and sex as covariates revealed a significant differences between 

egocentric responses on the supermarket task, F (2, 34) = 8.14, p < .001, np2 = .32. Post-hoc 

comparisons revealed significantly greater egocentric impairment in VCI (M= 3.5, SD= 3.24) 

compared to AD (M= 10.01, SE= 1.11), p < .002, 95% CI [-10, -2.1] and control groups (M= 

8.1, SD= 3.7), p < .009, 95% CI [-7.95, -1.1]. No other significant group differences were 

observed (p > .1) (see figure 6A).  

 

Allocentric responses showed a significance difference between groups, controlled for age 

and sex F (2,34) = 10.1, p <.001, np2 = .37. Post-hoc comparisons showed significantly 

greater impairments in VCI patients (M = 68.33, SD= 38.1) compared to controls (M= 30.85, 

SD= 14.13), p < .001, 95% CI [16.02, 61.1] but impairments did not reach statistical 

significance in AD patients (M= 50.1, SD= 7), p = 0.09, 95% CI [-41.11, 2.1] compared to 

controls. However, there were no significant groups differences between VCI and AD (p>.1) 

(see figure 6B). 

 

Heading direction (correct judgement of facing direction after travel period) did not reveal 

significant group differences when controlling for age and sex F (2, 34) = 1.11, p > .1, np2 

= .06 (see figure 6C). 

 

Clock Orientation Test 

An ANCOVA with age and sex as covariates revealed a significant difference between 

egocentric responses on the Clock Orientation task F (2, 34) = 13.4, p < .001, np2 = .44. Post-
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hoc comparisons showed significantly greater egocentric deficits in VCI patients (M= 5.42, 

SD= 3.16) compared to AD (M= 10.1, SD= 1.21), p < .001, 95% CI [-7.2, -2] and control 

groups (M= 9.65, SD= 2.06), p < .001, 95% CI [-6.56, -7.1]. No other significant group 

differences were observed (p > .1) (see figure 6D). 

 

 

Figure 6. Spatial orientation performance between vascular cognitive impairment (VCI), 

Alzheimer’s disease (AD), and controls. **p < 0.01, ***p < 0.001, ns = non-significant. 

Figures (A–C) show The Virtual Supermarket task performance; (A) egocentric response 

(correct), (B) allocentric response (error in mm) and (C) heading response (correct). Figure 

(D) displays The Clock Orientation test egocentric response (correct).  

 

Sensitivity and Specificity  

Sensitivity and specificity of egocentric Virtual Supermarket and Clock Orientation test 

performance in VCI and AD were explored using logistic regression and ROC curves. 

Logistic regression indicated that the regression model based on egocentric scores of 
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Supermarket and Clock Orientation predictors was statistically significant, X2(2) = 16.36, p 

< .001. The model explained 77% (Nagelkerke R2) of variance in VCI and AD patients and 

correctly classified 84% of patients (7 out of 9 VCI; 9 out of 10 AD) into their respective 

cohorts. ROC curves were computed for the supermarket and clock test predictors in 

discerning VCI from AD patients. Similarly, Area Under the Curve (AUC) values indicated 

that egocentric orientation in the Supermarket (AUC = .8, SE = .12; 95% CI [.56, 1]) and 

Clock test (AUC= .91, SE = .06, 95% CI [.8, 1]) had strong diagnostic accuracy in 

distinguishing VCI from AD patients (see, figure 7). 

 

 

Figure 7. ROC curves for the Virtual Supermarket Test (blue line) and Clock Orientation test 

(purple line) predicting correct diagnosis (VCI or AD). 
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Discussion  

Overall, our results indicate that medial parietal mediated egocentric path integration 

processes are a sensitive and specific cognitive marker selective for VCI. By contrast, 

allocentric orientation deficits were less sensitive, and not specific to distinguish between the 

underlying pathologies.  

 

In more detail, the egocentric path integration measures of the Virtual Supermarket task and 

Clock Orientation test successfully detect vascular changes in patient populations. More 

importantly, the measures allowed to reliably distinguish vascular from AD pathophysiology 

in the patient populations. Notably, egocentric orientation was impaired in VCI, but relatively 

intact in AD patient groups when controlling for age and sex. This supports findings from our 

vascular patient case study (Coughlan et al., 2018a) and may suggest egocentric impairments 

indicate a more medial parietal focused change (Weniger et al., 2009) in VCI. Furthermore, 

the AD patient’s egocentric ability remained intact which supports suggestions that MCI and 

earlier stage AD groups show an undisturbed egocentric orientation (Coughlan et al., 2019), 

which is consistent with our early stage AD patient population (see, total ACE-III score of 

72.1). It would be interesting to explore whether more moderate to advanced AD patients 

might show problems using both allocentric and egocentric orientation, as it is known that 

medial parietal structures might be affected only later in the disease course (Braak & Del 

Tredici, 2015).   

 

Medial parietal mediated egocentric deficits appear to characterise VCI patients. This is 

consistent with emerging evidence suggesting the earliest signs of dysfunction appear in 

medial frontal and anterior cingulate regions in at VCI-risk individuals (Haight et al., 2015; 

Papma et al., 2012), which is accompanied by a more typical vascular profile of reduced 
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integrity of white matter in the bilateral superior longitudinal fasciculus (Beason-Held et al., 

2012). Since egocentric orientation does not deteriorate in healthy aging and early stage AD, 

compared to medial temporal based cognitive functions (for review, see Colombo et al., 

2017) it emerges as a potential powerful cognitive marker to identify early vascular-related 

pathology. Given the prevalence of vascular related dementia it is surprising that 

investigation to isolate cognitive deficits unique to this pathology is so sparse. However, 

based on our findings, it appears that egocentric orientation may be a useful diagnostic tool to 

discriminate VCI from other neurodegenerative conditions.  

 

Our study suggests allocentric orientation deficits were not statistically present in AD, only 

VCI showed significant impairments compared to healthy controls. This does not support our 

prediction that allocentric deficits would be more profound in AD. The literature suggests 

allocentric deficits are more prominent in preclinical AD(Coughlan et al., 2018b) with a loss 

in selectivity as the disease stage progresses and deficits become more widespread (Braak & 

Del Tredici, 2015). Yet, for the early-stage AD patients in our study results were not 

significant. A post-hoc power analysis was employed using G*Power3 (Faul et al., 2007) and 

results indicate power at Cohen’s d= 0.32 would have been sufficient to yield significant 

results between AD and VCI allocentric performance. The actual power yielded between 

groups was reported at Cohen’s d= 0.71. Therefore, a larger sample size would indeed, 

expect to report greater group differences for the allocentric measure. However, as evident 

from Figure 6, it is clear that AD patients perform differently from controls but this did not 

reach statistical significance.  

 

One potential explanation for the results observed may be provided by the large range in 

allocentric scores across the VCI group (see, Table 4). VCI is a highly heterogeneous 
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disorder in terms of disease pathology and subsequent cognitive impairments which may 

account for this variation, compared to AD pathology and symptoms that are more uniform. 

As VCI patients revealed both egocentric and allocentric orientation problems this is likely to 

represent a disruption to translational and integration processes where both frames are 

combined to produce effective navigation. This view also explains the reduced visuospatial 

performance exhibited by the VCI patients during neuropsychological testing across RCFT 

copy and position discrimination tasks. 

 

Despite these exciting findings, our study is not without limitations. First and foremost, 

replication in larger patient cohorts is important. Further, clinical characterisation of VCI 

subtypes (Skrobot et al., 2017) would help to better classify vascular pathology and 

determine accompanying cognitive symptoms, this may also help inform the variation of 

results seen in allocentric performance for the VCI patients. Future studies may also wish to 

examine the relationship between spatial navigation performance and the patient’s perceived 

navigational abilities. Findings suggest perceived spatial ability assessed by the self-report 

Santa Barbara Sense of Direction Scale (Hegarty et al., 2002) are correlated with spatial 

accuracy and hippocampal volume (Burte et al., 2018). Therefore, assessment of perceived 

spatial abilities may help inform spatial navigation as a marker of pathological aging. Finally, 

as the study did not access the patient’s clinical MRI scans, the confirmation of vascular 

lesions and their locations, as well as AD specific biomarkers would be important in future 

investigations to corroborate our cognitive findings. 

 

Nevertheless, to our knowledge this in the first study to isolate a selective navigational deficit 

in VCI. This showcases the important role of virtual navigation and spatial tests in the future 

development of sensitive and specific diagnostic tests for VCI. Further investigation into the 



68 
 

cognitive symptoms selective to VCI as well as longitudinal cohort studies in at VCI-risk 

individuals is critical to identify the emergence of the disease and intervene with therapeutic 

strategies as early as possible. 

 

In conclusion, our findings show a distinct egocentric orientation deficit that is specific for 

VCI relative to AD. This is critical given the lack of specificity in current diagnostic tests and 

the indistinct diagnostic criteria for cognitive symptoms in VCI. In turn, this will inform 

diagnostic work-ups and aid personalised treatment pathways to treat underlying vascular 

changes in patients. 

 

Taking these findings discussed in chapter 2, it appears egocentric orientation is sensitive to 

VCI patients whilst, heading direction no longer shows such a strong effect as it did in the 

initial case study informed by the patient RK (Coughlan et al., 2018a). Interestingly, 

allocentric orientation was also shown to be impaired in the VCI patients, although it was 

anticipated this would remain intact as shown in RK’s condition (Coughlan et al., 2018a). 

Perhaps because the disease stage was further progresses in the patients in chapter 2, with an 

average of three years disease duration compared to RK who was diagnosed just one year 

prior to testing. Given these findings, and that the examination of spatial abilities in VCI are 

in such early stages, I decided to follow up with the patient RK, to observe any changes to his 

condition and spatial navigational abilities and shed a light on if he too now had allocentric 

deficits, consistent with the patients in this study. Investigating RK’s condition three years 

on, will help add to our knowledge concerning VCI and associated cognitive and spatial 

trajectories.  
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Chapter 3: Egocentric spatial orientation – a key cognitive marker for 

vascular cognitive impairment? A longitudinal case study. 

 

Submitted manuscript 
 

Lowry, E., Coughlan, G., Morrissey, S., Jeffs, S., Hornberger, M. (submitted). Egocentric 

spatial orientation – a key cognitive marker for vascular cognitive impairment?  

 

Introduction 

Vascular cognitive impairment (VCI) is thought to account for at least 20% of the clinical 

population affected by dementia (Gorelick et al., 2011), second in prevalence only to 

Alzheimer’s disease (Plassman et al., 2007). Despite that, the cognitive features specific to 

VCI are still being explored, with currently subtle executive dysfunction mostly associated 

with the condition (Sachdev et al., 2014). This cognitive heterogeneity is likely due to the 

diverse nature of VCI, ranging from microinfarcts to white matter hyperintensities (WMH) 

(Dichgans & Leys, 2017; Iadecola, 2013; Prins & Scheltens, 2015). Microinfarcts in 

particular can affect several cortical and subcortical regions (Roman et al., 2002), accounting 

for the cognitive heterogeneity in VCI patients. By contrast, WMH are more consistent in 

their location and show a propensity to the superior longitudinal fasciculus (Chen et al., 2019; 

Liu et al., 2021; Veldsman et al., 2020). 

 

The Superior longitudinal fasciculus (SLF) is a major white matter pathway in the brain, 

connecting mostly frontal and parietal brain regions. I have previously hypothesised that 

disruption of the SLF should not only result in subtle frontally-mediated executive change but 

also medial parietal-mediated, egocentric spatial orientation changes (Lowry et al., 2021). 

Indeed, a previous publication of ours shows that egocentric spatial navigation tests are 

highly sensitive to VCI and distinguish it reliably not only from healthy people but also 
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Alzheimer’s disease (Lowry et al., 2020), though see (Moussavi et al., 2022). These 

egocentric spatial orientation measures might provide a promising cognitive diagnostic and 

treatment outcome measure for WMH in VCI, specifically.  

 

However, at this stage it is not clear how those WMH changes co-exist with egocentric 

spatial orientation changes over time. This current study tries to address this outstanding 

question by testing a single VCI case over a three-year period. RK, the 67-year-old VCI 

patient first presented to our memory service in 2017. At that time RK presented with 

egocentric orientation deficits while his allocentric orientation remained intact (Coughlan et 

al., 2018a).  

 

Aims and hypotheses  

Here, I now present the follow-up assessment of RK, along with SLF neuroimaging, to 

determine if the egocentric spatial orientation changes in RK after a three-year period are 

present, and how they relate to his WMH in the SLF. This will inform how consistent 

egocentric spatial orientation changes are in VCI associated with WMH, and how they relate 

to the underlying brain integrity. It will inform future cognitive diagnostic and treatment 

outcome measures for VCI.  

 

Methods 

 

Participant 

Our research group previously reported the case of RK, a now 67-year-old married man, with 

six years of secondary education. RK received a diagnosis of vascular dementia (aka VCI) in 

March 2017 at our dementia research clinic. His medical history included 
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hypercholesterolemia, stage 2 hypertension, an elevated BMI, life-long cigarette smoking, as 

well as a strong family history of hypercholesterolemia and heart disease. Since enrolling in 

the research study, RK now reports increased medical management for hypertension and an 

enlarged prostate. RK and his care-giver report advancing memory problems and an 

increased need for daily-living assistance from time one (t1) to time two (t2), although he 

remains independent in leaving the house to walk to the local shop daily. I have compared 

new case control participants (N=14) with a mean age of 67.79 (SD = 3.17), nine male, five 

female, who underwent the same cognitive and spatial testing, as follow up data was not 

available from the original control cohort used at t1. The research was approved by the UK 

National Research Ethics Service (NRES: 16/LO/1366) and written informed consent was 

obtained prior to research activities. 
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Table 5. Patient physical characteristics time 1 to time 2. 

 Time 1 Time 2 Patient change 
Age 65 67 +2 
Height (cm) 175 175 0 

Weight (kg) 91 90 -1 
BMI 30 29 -1 

BP SYS 165 162 -3 
BP DIA 100 93 -7 

Pulse 55 64 +9 
Medical 

Management 

Simvastatin 40mg, 

Bendroflumethiazide 2.5mg, 
Clopidogrel 75mg, Losartan 

100mg 

Simvastatin 40mg, 

Bendroflumethiazide 
2.5mg, Bisoprolol 1.25mg, 

Clopidogrel 75mg, 
Losartan 100mg, 

Levothyroxine 100mg, 
Finasteride 5mg 

+3 

*For patient change + represents increase and - represents decrease.  
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Measures and Materials  

 

Cognitive Screening  

RK underwent neuropsychological screening, including; Addenbrooke’s cognitive 

examination (ACE-III) (Hsieh et al., 2013) (version A at t1 and version C at t2 to minimise 

test re-test effects), Rey–Osterrieth Complex Figure Test (RCFT) copy and with 3-min 

delayed recall (Lazek, 1983), Cube Analysis, Dot Counting and Position Discrimination from 

the Visual Object and Space Perception Battery (VOSP) (Warrington & James, 1991), Free 

and Cued Selective Reminding Test (FCSRT) (Buschke, 1984), INECO Frontal Screen Test 

(Torralva et al., 2009) and the Trail Making Test (TMT) part A and part B  (Reitan, 1958) 

(see, Table. 5). Controls underwent neuropsychological screening using; ACE-III, RCFT and 

TMT.  

 

The Virtual Supermarket Test 

RK and controls underwent spatial testing using the Virtual Supermarket Test (VST). The 

VST has been developed by our group previously and used in symptomatic mild cognitive 

impairment (MCI), AD, frontotemporal dementia (FTD) and VCI patients (Coughlan et al., 

2018a; Lowry et al., 2020; Tu et al., 2015, 2017). The VR task is an ecological test of spatial 

navigation abilities designed to simulate navigating through a real-world supermarket. While 

at t1, a paper version of the supermarket map (allocentric measure) was used, an alternative 

form of this measure was employed 3 years later at re-test (t2), to facilitate electronic and 

automatic recording of participant responses. VST trials (1-14) in both versions were 

identical (see, Figure. 8A-C). At t1 a paper version of the supermarket was used to record 

responses (identical to that shown in Figure. 8D-F), which has now been automated. The task 

consists of 14 trials and takes approximately 15 minutes to complete. An iPad 9.7 (Apple 
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Inc.,) was used to show participants 20-40 second video clips of a moving shopping trolley in 

the virtual supermarket. The task avoids the use of landmarks or salient features within the 

environment and limits the demand on episodic memory, reflecting similar tasks in the 

literature (Cushman et al., 2008; Morganti et al., 2013; Wolbers et al., 2007) and  taps into 

path integration processes via three core spatial processes: i) egocentric self-reference 

navigation; ii) allocentric map-based navigation and iii) heading direction. Performance is 

calculated using the distance between this and the coordinates of the actual finishing location. 

This map-based component provides an assessment of geocentric encoding of the virtual 

environment.  

 

 

Figure 8. Virtual Supermarket Test.  
 

Videos were presented in a first-person perspective and participants are provided with optic flow cues 

from the moving shopping trolley and changing scenery as it followed different routes to reach a 

different end point in each trial (A-C). Once the video clip stops, participants indicate in real-life the 

direction of their starting point (egocentric orientation; 7D). In a second step, participants indicate 

their finishing location on a birds-eye view map of the supermarket (allocentric orientation; 7E). 

Lastly, participants are asked to indicate which direction they were facing at the finishing location 
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(heading direction; 7F). Participants indicate their responses by taping their response location on the 

screen.  

 

The Clock Orientation Test 

RK and controls underwent spatial testing using the Clock Orientation Test (COT). The COT 

has also been developed by our lab (Coughlan et al., 2018a; Lowry et al., 2020) as a bedside 

clinical test for egocentric orientation. It requires participants to imagine they are standing in 

the centre of a large clock, facing a particular number, e.g., the number 3. Participants are 

then asked, “which number is directly behind you?” (Answer: number 9). Next participants 

are asked to point, in real-life, to the positions of different numbers on the clock face in 

relation to the number that they are currently facing. For example, “You are facing number 

12, can you point to the number 3?” (Answer: pointing right). The questions increase in 

complexity across the test and require medial parietal mediated mental imagery, rotation and 

egocentric processes, with no episodic memory demand. The test consists of 12 trials and 

takes 5-10 minutes to complete.  

 

Sea Hero Quest  

RK and controls underwent spatial testing using Sea hero Quest (SHQ). SHQ is an app- 

based cognitive task that enables the collection of spatial navigation data and is used in large 

scale population based studies (Coutrot et al., 2018) and has been shown to differentiate 

egocentric and allocentric frames of reference, exhibiting selective ‘wayfinding’ allocentric 

deficits in prodromal Alzheimer’s disease (Coughlan et al., 2019). SHQ goal-oriented 

wayfinding (allocentric) levels 6 , 8 and 11 were selected due to their previous sensitivity to 

identifying pre-clinical AD (Coughlan et al., 2019). Players initially see a map featuring a 

start location and several checkpoints to find in a set order. Participants study a map of the 

level for a recorded number of seconds. When participants exit the map view, they are asked 
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to immediately find the checkpoints in the order indicated on the map under timed conditions. 

As participants navigate the boat, they must keep track of their location using self-motion and 

environmental landscape cues such as water– land separation. If the participant takes more 

than a set time, an arrow appears pointing in the direction along the Euclidean line to the goal 

to aid navigation. In flare accuracy (egocentric) levels (here, levels 14, 19, 24, 34 and 44), 

participants are not provided with an allocentric map. Instead, they immediately navigated 

along a river to find a flare gun. Once they find the flare gun at the end of the river, the boat 

rotates by 180°, and participants are asked to choose one of three possible directions (right, 

front, and left) that they believe points to the starting point. This level requires participants to 

(i) form an accurate representation of the starting point relative to their position and (ii) 

integrate this representation with a representation of the direction they are facing after the 

rotation. Depending on their performance, players receive one, two, or three stars. 

 

 

Figure 9. SHQ Wayfinding (allocentric) and Flare Accuracy (egocentric) levels. 

 

MRI acquisition  

MRI data was obtained from RK and controls using a 3 tesla Discovery 750w widebore 

system (GE Healthcare, Milwaukee, WI, USA) with a 12-channel phased-array head coil for 

signal reception. After localizers, the T1-weighted (T1w) structural data was acquired using a 
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whole-head 3D inversion-recovery fast spoiled gradient recalled echo sequence with the 

following parameters: repetition time ¼ 7.7 ms; echo time ¼ 3.1 ms; inversion time ¼ 400 

ms; field-of view ¼ 256 mm; acquired matrix ¼ 256   256; 200 sagittal sections of 

1mmthickness; flip angle ¼ 11 ; and an ASSET acceleration factor of 2 in the phase-

encoding direction. Furthermore, a 3D T2- weighted fluid attenuated inversion recovery 

(T2w FLAIR) sequence was prescribed as follows: repetition time ¼ 4800 ms; echo time ¼ 

129 ms; inversion time ¼ 1462 ms; field-of-view ¼ 256 mm; acquired matrix ¼ 256   256; 

182 sagittal sections of 1mmthickness; flip angle ¼ 90; an ARC acceleration factor of 2 in the 

phase encoding direction; and a “HyperSense” compressed sensing subsampling factor of 2. 

 

DTI (diffusion-weighted single shot spin-echo planar imaging sequence, TR = 6.7 s,TE = XX 

ms, 59 axial slices, resolution = 0.937 × 0.937 × 2.499 mm, no cardiac gating, 61 images with 

diffusion weighting, b = 2000 s/mm2, four  images without diffusion-weighting, b = 0 

s/mm2, subsequently referred to as b0 images) scans were acquired for all participants. MRIs 

were screened by a consultant neurologist and analysed using FSL (v6.0.0) and 

Freesurfer (v11.4.2) software.  

 

White matter hyperintensities, infarcts and perivascular space 

The Fazekas scale (Fazekas et al., 1987) was used to quantify the amount of white matter T2 

hyperintense lesions in RK as it is a widely used system for describing white matter disease 

severity associated with cognitive decline (Benedictus et al., 2015; van Rooden et al., 2018). 

The scale divides the white matter in periventricular and deep white matter, and each region 

is given a grade depending on the size and confluence of lesions (periventricular 

hyperintensities (0-3), White matter hyperintensities (0-3), PV (periventricular 

hyperintensities)= 0 (absence), 1 ("caps" or pencil-thin lining), 2 (smooth "halo"), or 3 
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(irregular PV extending into the deep white matter), and WM (white matter hyperintensities) 

= 0 (absence), 1 (punctate foci), 2 (beginning confluence of loci), or 3 (large confluent 

areas)). Infarct, and perivascular space were quantified by visual inspection using FSL on T2-

weighted fluid-attenuated inversion recovery (FLAIR) and on T1-weighted (T1w) structural 

MRI. Topographical location of each lesion was reported using atlases in FSL eyes. The rater 

was blinded to all cognitive and spatial navigational results.  

 

TRActs Constrained by UnderLying Anatomy (TRACULA) 

Tractography were performed within Freesurfer (TRACULA version 1.56), DTI data was 

processed using the ENIGMA DTI pre-processing steps 

(http://enigma.ini.usc.edu/protocols/dti-protocols/). In particular, we used the first b0image as 

a reference for co-registration of subsequent b0 images (FSL FLIRT(S. M. Smith et al., 

2004)). The resulting co-registered b0 images were averaged and served as a reference image 

during motion correction on the diffusion-weighted images. The gradient table information 

was adjusted accordingly (Leemans & Jones, 2009). Subsequently the data was processed in 

order to account for geometric distortions, this was performed on the mean b0 image via the 

T1-w scan. In order to achieve distortion correction, the T1-w scan was rigidly aligned with 

the mean b0 image(S. M. Smith et al., 2004) and the mean b0 image was nonlinearly 

registered to this T1-w scan in diffusion space using Advanced Normalization Tools 

(http://stnava.github.io/ANTs/). The resulting nonlinear registration information was used to 

unwarp subsequent diffusion-weighted images in native diffusion space. TRACULA's default 

tensor fitting and tract reconstruction pipelines using the ball-and-stick model were applied to 

the pre-processed data. The DTI data images were assessed visually. We visually appraised 

TRACULA's performance in terms of tract reconstruction for temporal and parietal divisions 

of the superior longitudinal fasciculus as per standard TRACULA segmentation (using global 
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probabilistic tractography with anatomical prior information of predefined pathways). We 

investigated tract DTI-derived scalar metrics fractional anisotropy (FA) for the tract 

previously hypothesised to be affected in this patient.  

 

Procedure 

RK underwent initial cognitive assessment (including neuropsychology and spatial 

navigation) in March 2017. Findings from this assessment were previously published 

(Coughlan et al., 2018a). RK received an anatomical and diffusion weighted brain scan in 

August 2019 as part of a longitudinal follow up to identify the vascular abnormalities  

underlying RK’s symptoms of reduced information processing and spatial disorientation and  

a follow-up physical, cognitive, and spatial orientation assessment was conducted in February  

2020 to measure the change in symptoms over three years (from 2017 to 2020) (labelled as  

time 2 in Table.6). Controls The spatial orientation measures consisted of the Virtual  

Supermarket Test and the Clock Orientation Test, both of which were sensitive to RK’s  

egocentric impairments at t1, and the addition of Sea Hero Quest was introduced at t2 as a  

further assessment of egocentric and allocentric spatial ability. The iPad tasks were  

completed with participants sitting approximately 30cms from the screen which was situated  

flat on a desk in front of them. MRI scanning took place by radiologists at the Norfolk  

and Norwich University Hospital. Tests were administered in the same order for each 

participant and breaks were given as requested. Testing sessions took approximately 1 hour  

to complete.  

 

Statistical analysis 

RK’s spatial orientation ability and dMRI mean FA (fractional anisotropy) of the superior 

longitudinal fasciculus were contrasted against the controls (N=14) using a Crawford and 



80 
 

Howell’s (1998) modified paired sample t-test (Crawford & Howell, 1998)  resulting in a Z-

case-control (Zcc) score as an interval estimate of the effect size, comparable with Cohen’s d 

0.2 = small, 0.5 =  medium, 0.8 = large effect sizes (Cohen. 1988).  

 

Results 

 

RK’s Neuropsychological assessment  

Follow up neuropsychological assessment from time 1 to time 2 suggest a slight increase in 

scores on the ACE in domains of memory and fluency. Copy and Recall domains of the Rey 

Complex Figure have also improved, along with a slight lift in INECO scores of executive 

function in domains of inference sensitivity, inhibitory control and verbal working memory. 

All other neuropsychological assessment seems relatively stable from time 1 to time 2 (see 

Table. 6).  
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Table 6. Patient v Control’s Neuropsychological Assessments t1 to t2. 

 Time 1 Time 2  

General cognition  
Patient 
Score 

Control 
Score 

Patient 
Score 

Control 
Score Patient Change 

ACE total 82 92 (4.7) 94 95.45 (4.37) +12 
ACE: Attention 18 17 (1.9) 17 17.54 (0.93) -1 
ACE: Memory 18 23 (2.7) 24 24.45 (2.66) +6 
ACE: Fluency 4 12 (2.0) 11 13.09 (1.45) +7 
ACE: Language 26 25 (0.9) 26 25.64 (0.5)  
ACE: Visuospatial 16 14 (1.0) 16 14.73 (1.1)  
Visuospatial function      
VOSP: Dot Counting 9  10  +1 
VOSP: Position discrim 20  20   
VOSP: Cube analysis 10  10   
ROCF: Copy 25 33.7 (1.6) 29 33 (2.87) +4 
ROCF: Recall 9 19 (4.5) 12 22.1 (5.6) +3 
Episodic memory      
FCSRT: Free recall 15  14  -1 
FCSRT: Cued recall 33  32  -1 
FCSRT: Free delayed recall 6  4  -2 
FCSRT: Cued delayed recall 10  10   
Executive function      
INECO total 16.5  20  +3.5 
Motor series 3  3   
Interference sensitivity  2  3  +1 
Inhibitory control 2  3  +1 
Digit backwards 2  2   
Verbal working memory 1  2  +1 
Spatial working memory 1  1   
Proverbs 0.5  0.5   
Hayling test 5  5   
Working memory index 3  3   
Trial Making Test  Part A Part B Part A Part B  
Trial making test: Time 79 117 66 92  A: -13, B: -25 
Trial making test: Errors 0 2 0 0  A: 0, B: -2 
      

*ACE, Addenbrooke’s cognitive examination; VOSP, Visual Object and Space Perception 

battery; FCSRT, Free and Cued Selective Reminding Test; INECO frontal screen 

  



82 
 

 

Spatial navigation assessment  

Scores indicate an uplift in RK’s spatial processing but remains to show significant deficits in 

egocentric measures of VST, COT and SHQ as well as allocentric measures of the VST 

compared to controls (see, Table. 7)
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Table 7. Total scores, standard deviations (SD), Z-case control (Zcc) scores, confidence intervals from a modified paired samples t-test for 

patient and control group on the Spatial Battery at Time 2. 

    Time 1 Time 2 

Measure Condition Patient 
Score 

Patient 
Score 

Control 
mean 
(n=14) 

SD t-
value 

p 
value 

size 
effects 
(Z_cc) 

95% CI 

Normal 
population 
falling below 
RK’s score  

Virtual 
Supermarket Test 
(VST) 

Egocentric 4 5* 7.8 1.2 2.31 0.021 -2.33 -3.35:1.29 2.10% 

  Allocentric 1.5 4* 13.82 5.46 -1.74 0.052 -1.72 2.64: -0.92 5.29% 

 Heading 6 11 10 3.01 0.32 0.37 0.33 0.21: 0.86 62.30% 
The Clock Test Cardinal 1 4 3.77 0.599 0.377 0.41 0.39 0.16:0.93 64.37% 

 Right Angle 1 1* 3.09 0.76 -2.66 0.01 -2.75 3.9: -1.57 0.98% 
 Mixed  1 1* 2.77 1.09 -1.61 0.07 1.62 -2.42:0.8 7% 

 Total 3 6* 9.62 1.04 -3.41 0.002 -3.48 4.9:2.05 0.25% 

Sea Hero Quest Flare 
Accuracy - 10* 11.3 0.67 1.98 0.042 -1.94 2.83:1.02 4.17% 

 
Flare 
Duration - 41.1 43.15 12.89 0.15 0.44 -0.16 0.63:0.37 44.10% 

 
Flare 
Distance - 361.7 374.92 112.7 -0.21 0.42 -0.22 0.73:0.32 41.85% 

 

Wayfinding 
Distance - 520.5 800.23 227.4 -0.51 0.31 -0.53 -1.08:0.04 30.76% 

  Wayfinding 
Duration - 430 91.34 43.65 -0.78 0.23 -0.8 -1.4:-0.18 22.61% 

*Significant differences for RK compared to controls are marked in bold. Trend towards significance are marked in italics. P value represents a 

two-tailed probability that case score differs from controls. RK’s score s from time one in grey column. 
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MRI Analysis 

 

Visual rating of signal hyperintensities  

Periventricular hyperintensities and white matter hyperintensities were observed with up to 

five lesions present, positioning RK as Fazekas grade 2 (see Figure. 10). The Fazekas scale 

was used to assess severity of WMH (Fazekas et al., 1987). Periventricular WMH and deep 

WMH were evaluated separately and totalled together as Fazekas scores. The degree of 

WMH severity was rated by Fazekas scores (mild: 0–2; moderate: 3–4; severe: 5–6). 

 

 

Figure 10. Visual rating of RK’s FLAIR imaging. 

A. White matter hyperintensities on FLAIR MRI (in MNI space) predominately in the right 

frontal lobe of the cerebral cortex and cerebral white matter. Periventricular white matter 

lesions are present near the left and right ventricles and close to the white matter collosal 

body and the lateral occipital cortex, superior division. 

B. While matter hyperintensity in the occipital lobe. 

C. Signs of punctuate deep white matter lesions beginning confluence. 

 

White matter differences  

The SLF diffusion properties were assessed using mean fractional anisotropy (FA) and 

divided into four parameters; right hemisphere superior longitudinal fasciculus parietal (rh 

SLFP); left hemisphere superior longitudinal fasciculus parietal (lh SLFP); right hemisphere 

superior longitudinal fasciculus temporal (rh SLFT); left hemisphere superior longitudinal 

A 
 

B 
 

C
c 
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fasciculus temporal (lh SLFT). Mean FA was reduced in all tracts of the SLF for RK 

compared to case controls, although none of which reach statistical significance (see, 

Figure.11). FA was most reduced in the left hemisphere superior longitudinal fasciculus 

parietal (lh SLFP) for RK compared to the case controls, where this appeared to be 

approaching significance (p = 0.059). 
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Table 8. SLF Tracts of Interest Patient vs Controls. 

   rh SLFP lh SLFP rh SLFT lh SLFT Motion 
Patient RK 0.41 0.41 0.44 0.45 0.28 

Controls 0.44 (0.02) 0.44 (0.03) 0.45 (0.02) 0.47 (0.02) 0.34 (0.07) 

Significance 0.08 0.06 0.26 0.17 0.17 

Size effects (Z_cc) -1.65 -1.73 -0.63 -1.04 -1.01 
Normal population 
falling below RK’s 
score 10.1%% 5.90% 26.04% 17.80% 17.26% 

*Standard deviation in parenthesis. Rh SLFP, right hemisphere superior longitudinal 
fasciculus parietal; lh SLFP, left hemisphere superior longitudinal fasciculus parietal; rh 
SLFT, right hemisphere superior longitudinal fasciculus temporal; lh SLFT, left hemisphere 
superior longitudinal fasciculus temporal.  
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Figure 11. SLF parietal division RK and controls FA mean score. 

 
 

Discussion 

The current case report replicates our previous findings in showing egocentric spatial 

orientation deficits in VCI. More importantly, I demonstrate that egocentric spatial 

orientation deficits persist while other cognitive scores show no changes or even 

improvement over time. At the same time, we can associate the egocentric spatial orientation 

deficits with changes to the posterior SLF, making them highly specific to the WMH in VCI 

in that region. In particular, fractional anisotropy suggests potential reduced white matter 

integrity to the left and right SLF parietal sections appear linked to egocentric spatial 

orientation deficits in VCI.   

 

Results suggest RK’s general cognition improved from t1 to t2 in measures of the ACE-III, 

VOSP, INECO and TMT. The FCSRT remained stable from t1 to t2 for RK. Interestingly, 

RK’s scores would only indicate a clinical cut-off for dementia on the INECO, ROCF-recall 
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and TMT-part B reaction time. Although, the uplift in scores is likely due to test re-test 

effects which are a common problem in neuropsychological assessment (Aldridge et al., 

2017).  

 

Despite some uplift in results, spatial tests suggest RK remains to have an egocentric deficit 

when assessed by the Virtual Supermarket Test, the Clock Orientation Test and Sea Hero 

Quest compared to healthy controls. However, RK now shows an allocentric deficit at 

follow-up testing compared to controls in the Virtual Supermarket Test, despite showing 

improvements from t1. This stands in contrast to RK’s general cognition which remained 

stable or improved at follow-up when assessed by standard clinical neuropsychological 

assessment in domains of attention, fluency, language, and visuospatial processing (see 

Table. 2). Perhaps suggesting RK has consistently had both egocentric and allocentric deficits 

with instead inconsistencies occurring between the control groups. There are large standard 

variations in performance for the control groups at both t1 to t2 for allocentric ability on the 

VST, with the controls at t2 scoring worse on the spatial tasks than the controls at t1 (see, 

Appendix. A). 

 

In sum, it appears RK’s spatial impairments are now apparent in both spatial orientation 

frames (egocentric and allocentric). Critically, these changes were detected with novel spatial 

testing and were undetected on standard neuropsychological assessments specifically 

targeting spatial processing when comparing RK’s scores from t1 to t2 (see, Table. 6). 

Perhaps due to the greater sensitivity than pen and paper testing, as well as strong test-retest 

reliability (Coughlan et al., 2020).  
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MRI analysis using FLAIR imaging indicates RK has white matter hyperintensities to the 

right hemisphere frontal lobe of the cerebral cortex and cerebral white matter, as well as 

periventricular white matter lesions near the lateral ventricles, close to the collosal body and 

the superior division of the lateral occipital cortex. Although WMH are also common in 

healthy aging (de Leeuw et al., 2001), the MRI profile is consistent with typical subcortical 

ischemic presentation of VCI (Dichgans & Leys, 2017). However, further DTI analysis was 

used to assess white matter integrity in SLF and results suggest FA was reduced in all four 

SLF tracts for RK compared to controls. Although differences did not reach statistical 

significance, a trend towards significance was strongest for the left and right SLF parietal 

sections (see, Table. 8).  This findings is not conclusive, but supports the notion that reduced 

integrity to the posterior tracts of the SLF may be a potential hallmark of VCI (Lowry et al., 

2021), and could manifest as this apparent egocentric orientation deficit.  

 

This case report comes as further evidence to support the use of spatial navigation testing in 

clinical settings and serves as a sensitive diagnostic tool in the assessment of VCI. The 

continued sensitivity of The Virtual Supermarket test and the Clock Orientation Test to RK’s 

condition, in light of improved scores on conventional cognitive assessments (ACE-III, 

VOSP, INECO, TMT), suggest these simple and quick to administer spatial tasks would also 

be a favourable sensitive cognitive measure for use in VCI intervention studies.  

 

Despite these exciting findings, our study has limitations, RK’s MRI scan took place three 

years after his initial diagnosis, therefore RK’s brain imaging should be interpreted with 

caution when associating with his initial (t1) test scores. Although, reduced integrity to the 

posterior SLF is of interest concerning his egocentric spatial deficits, FLAIR MRI indicates 

multiple sites of white matter hyperintensities to suggest axonal loss more typical of a 
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subcortical ischemic VCI (Dichgans & Leys, 2017). Pre-existing healthy WMH load has also 

been shown to exhibit as reduced FA in the SLF (Svä rd et al., 2017). As such, we cannot be 

clear on the order of the pathogenesis of these injuries, thus, a link between egocentric 

deficits in VCI and posterior SLF integrity cannot conclusive.  

 

Critically, these injuries observed in RK’s MRI could be sensitive to novel spatial tests but go 

undetected on visuospatial measures of neuropsychological assessment. Future studies are 

needed to explore potential parietal-to-frontal network disruption in the pre-clinical stages of 

VCI to inform the pathogenesis of egocentric disruptions.  

 

This case study illustrates the potential for the application of spatial orientation assessment in 

clinical settings. This is especially critical for disease monitoring, given that standard 

neuropsychological assessment has poor selectivity in discriminating dementia sub-types and 

lacks sensitivity for disease monitoring overtime. This is in contrast to spatial navigation 

tasks measuring egocentric or ‘self-referential’ processing. In sum, the Virtual Supermarket 

Test, the Clock Orientation Test and Sea Hero Quest appear to be sensitive to the detection of 

vascular cognitive impairment.  
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Chapter 4: Egocentric orientation and P300 as indexes of preclinical 

VCI 

 
Lowry, E., Johnen, A., Hornberger, M., Renoult, L. (2022). Egocentric orientation and P300 

as indexes of preclinical VCI. In preparation. 

 

Introduction  

Dementia is one of the greatest medical threats facing our aging population and has higher 

health and social care cost than cancer and chronic heart disease combined (Luengo-

Fernandez et al., 2015). Major risk factors for cognitive impairment relate to the vascular 

system (hypertension, obesity, diabetes, high cholesterol and lack of physical exercise) which 

currently affect >30% of the global population (WHO, 2021). As such, evidence is 

accumulating to suggest cardiovascular risk factors in midlife predict the onset of vascular 

cognitive impairment (VCI) in later life (Tolppanen et al., 2015). Yet, due to the 

heterogenous profile of established VCI, there is a distinct lack of specificity for identifying 

the cognitive symptoms. 

 

Less is known still, of the preclinical cognitive characteristics of VCI. Hypertension, high 

cholesterol, diabetes type 1 and obesity  are thought to be the strongest risk factors besides 

age for predicting VCI (Kivipelto et al., 2018; Lowry et al., 2021), along with interacting 

genetic contributions and lifestyle factors. Composite risk scores assessing such factors are 

readily used in routine clinical practice to identify patients who could benefit from 

intervention. In the National Health Service QRisk®3-2018 (Hippisley-Cox et al., 2017) is 

used to calculate an individual’s risk of cardiovascular disease in the next 10 years. Such 

cardiovascular risk prediction is vital for better patient outcomes, especially given that >35% 

of all dementia cases are attributed to modifiable risk factors (Livingston et al., 2020) . Yet, 
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there is a distinct lack of research exploring the cognitive correlates of these risk factors to 

identify and track those at greatest risk of developing VCI. This is likely due to the reduced 

sensitivity of typical standardised cognitive assessments towards preclinical features of VCI, 

which is surprising, given early identification and intervention has been shown to slow and 

even halt cognitive decline in VCI (Ngandu et al., 2015).  

 

Electrophysiological approaches are sensitive to the early effects of AD (Paitel et al., 2021). 

Event-related potentials (ERPs), particularly the P300 component, appear to show sensitivity 

to VCI (Xu et al., 2012; Yamaguchi et al., 2000). The P300 component is thought to 

represent the neural responses of changing and updating the mental model of our 

environment in order to make an appropriate response (Polich, 2012). The P300 can be split 

into two subcomponents, the P3a and P3b. It is thought that stimulus evaluation engages focal 

attention (P3a) to facilitate context updating (P3b), which is associated with memory 

processes (Hartikainen & Knight, 2003).   

 

The Target P300 (P3b), which exhibits a parietal maximal ERP response, is evoked when 

‘target’ or nonfrequent stimuli are inserted into a sequence of ‘standard’ or frequent stimuli. 

Participants are asked to respond to the target and attentional mechanisms are required to 

‘update’ the neural representation of the stimulus context and index the event in working 

memory (Fabiani et al., 1996; Johnson., 1995). The Novelty P300 (P3a) exhibits a 

frontal/central scalp distribution and is evoked when distractor or novel stimuli are inserted 

into a sequence of target and standard stimuli. The novelty processing interrupts the existing 

scheme of identifying targets among standard stimuli and evokes attentional ‘switching’ to 

the new novel stimuli (Comerchero & Polich, 1999; Polich & Comerchero, 2003). The neural 

regions generating these two P300 ERP components are thought to heavily overlap, 
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underpinned by a circuit pathway between frontal and temporal/parietal brain areas (Huang et 

al., 2015; Knight, 1990; Polich, 2003; Soltani & Knight, 2000). The P300 Target processing 

(P3b) is linked to temporal-parietal locations including the temporal-parietal junction (TPJ) 

and its integrity (Verleger et al., 1994; Yamaguchi & Knight, 1992) and thought to represent 

updating of our mental model. Whereas, Parietal-cingulate-frontal structures are linked with 

the P300 Novel response (P3a) (Halgren et al., 1995; Halgren & Marinkovic, 1995) and are 

thought to underpin the ability to respond to unexpected  stimuli. As such, the Novelty P300 

is thought to reflect a conscious, evaluative aspect of the orientating response (Cycowicz & 

Friedman, 1998; Näätänen, 1990), subserved by functional interactions within the 

frontoparietal attentional network (Ptak, 2012; Szczepanski et al., 2013; Vossel et al., 2014).  

 

Studies using the three-stimuli ‘Oddball’ task, with standard, target and novel stimuli have 

been shown to dissociate different profiles of brain lesions. Patients with lateral parietal and 

prefrontal lesions have a diminished P300 novelty response (Knight, 1984), while the P300 

target response is unaffected (Knight, 1997).  This is in keeping with research that 

demonstrates reduced P300 response to novel stimuli in VCI patients compared to 

Alzheimer’s disease (Yamaguchi et al., 2000) and reduced parietal-to-frontal and parietal-to-

central connectivity, compared to healthy controls(Wang et al., 2014, 2016). The P300 

component also shows potential as a promising biomarker for preclinical VCI, as increased 

P300 latencies are present in midlife type 2 diabetics (Hazari et al., 2015) and hypertensive 

older adults (Cicconetti et al., 2007), compared to healthy controls. Yet, the P300 response in 

VCI risk individuals has not been explored.  

 

Along with the P300 response, there is some evidence to suggest egocentric (self-referential) 

spatial orientation appears sensitive to VCI (Coughlan et al., 2018a; Lowry et al., 2020). 
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Spatial navigation is a promising marker in the early detection of AD (Coughlan et al., 2018; 

Kunz et al., 2015; Allison et al., 2016) but is little explored in VCI. Studies from our group 

have shown egocentric spatial orientation has sensitivity and selectivity to VCI and can be 

used as a measure to differentiate between VCI and AD patients (Lowry et al., 2020). This is 

supported by an earlier case study suggesting egocentric orientation deficits, mediated by 

frontoparietal structures, may be a promising marker for the identification of neurovascular 

pathology (Coughlan et al., 2018a). These finding in the context of the existing literature on 

preclinical VCI (for a review see Lowry et al., 2021), may suggest early dysfunction between 

frontal-parietal networks, mainly the superior longitudinal fasciculus (SLF) (white matter 

tracts connecting parietal and temporal with prefrontal regions) and overlapping subcortical 

structures. Therefore, tasks that tap into these structures, such as the P300 response and 

egocentric orientation may also prove sensitive to structural brain changes in preclinical VCI.  

 

Aims and hypothesis  

The current study aims to examine if the P300 response and egocentric orientation could act 

as potential bio-cognitive markers for preclinical VCI indicative of potential frontoparietal 

dysfunction. I hypothesise that high cardiovascular risk individual’s (CVR+), as determined 

by QRisk®3-2018 (Hippisley-Cox et al., 2017), will show a delayed P300 response as 

assessed by longer latencies as well as reduced amplitudes, and reduced egocentric 

performance in spatial orientation compared to healthy controls (HC). I will examine the 

P300 at midline electrodes and aim to combine the analysis of experimental methods with 

standard neuropsychological tests to provide insight into the sensitivity and selectivity of 

reliable measures to identify and track preclinical VCI.   
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Methods  

 

Participants  

Between November 2019 and September 2021, 62 people between 40 to 75 years of age were 

recruited from the community to participate in a research study at the University of East 

Anglia. All participants were pre-screened for a history of psychiatric or neurological disease, 

visual impairments, motor impairments or any significant relevant comorbidity. All 

participants had normal or corrected-to-normal vision. Diabetes, smoking and inherited lipid 

disorder status was determined, along with the use of regular medication. Family history of 

angina or heart attack was obtained. From these participants 50 met the study eligibility 

criteria (see, Figure. 15).   

 

In total, 45 participants underwent cognitive testing, as during the testing period, a total of 

five participants withdrew from the study due to disruption from the COVID-19 pandemic. 

The final group sizes post-inclusion consisted of high cardiovascular risk, n = 25 and healthy 

controls, n = 20. Written consent was obtained from all participants and ethical approval was 

obtained from Faculty of Medicine and Health Sciences Ethical Committee at the University 

of East Anglia reference FMH 201819-052.  
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Measures and Materials  

 

Cholesterol Testing  

The ACON Mission™ Cholesterol test device 3-1 lipid panel (Mission Cholesterol - ACON 

LABS INC.) was used to measure lipid concentration in the whole blood, plasma and serum 

from 35uL fingertip capillary blood. This allowed to determine total cholesterol, high density 

lipoprotein (HDL), low density lipoprotein (LDL), Triglycerides (TRIG) and cholesterol 

ratio. 

 

Blood Pressure Taking  

The automatic upper arm Omron™ M7 Intelli IT Blood Pressure Monitor was used to 

determine systolic blood pressure, diastolic blood pressure and pulse. Two readings were 

taken approximately 5 minutes apart and mean values of these reading with standard 

deviations were computed, in line with the American Heart Association guidelines (Muntner 

et al., 2019).  

 

Medical History  

A pre-screening questionnaire containing questions on height (cm), weight (kg), medical 

history, current medication and demographic information was completed by the participants. 

Body Mass Index (BMI) was calculated using self-report data. History of familial 

hypercholesterolaemia, chronic kidney disease or diabetes was taken, as well as first-degree 

relative who had premature atherosclerotic cardiovascular disease or familial dyslipidaemia, 

regardless of their age. 
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VCI Risk Stratification  

The QRisk®3-2018 (Hippisley-Cox et al., 2017) was used to calculate the participants 

cardiovascular disease risk (heart attack or stroke in the next 10 years). Cardiovascular risk 

factors are the main pathology in the development of VCI (van der Flier et al., 2018). I 

determined group allocation using thresholds specified in the NICE Guidelines (National 

Institute for Health and Care Excellence). Lipid Modification: Cardiovascular 

Risk  Assessment and the Modification of Blood Lipids for the Primary and Secondary 

Prevention of Cardiovascular Disease (NICE, 2014), QRISK3 score >10% stratified as high 

cardiovascular risk (CVR+), QRISK3 < 10% stratified as healthy control (HC).  

 

Cognitive Tests 

The CVR+ and HC groups underwent neuropsychological screening, including cognitive 

screening, executive functions and visuospatial tasks; Addenbrooke’s cognitive examination 

(ACE-III) (Hsieh et al., 2013), Cube Analysis, Dot Counting and Position Discrimination 

from the Visual Object and Space Perception Battery (VOSP) (Warrington & James, 1991), 

Digit Symbol Substitution Test (Jaeger, 2018) and the Trail Making Test (TMT) part A and 

part B (Reitan, 1958). 

 

Subjective Self-Report Measures 

Cognitive Change Index (Rattanabannakit et al., 2016) was used to detect a decline in self-

perceived memory, executive functions and language. International Physical Activity 

Questionnaire (IPAQ) short form(International Physical Activity Questionnaire., 2014) was 

used to measure  sedentary hours per day. The Santa Barbra Sense of Direction 

Scale(Hegarty et al., 2002) was used to measure subjective navigational abilities. The Body 

Perception Questionnaire (Porges, 1993) was used to assess body awareness and autonomic 
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reactivity to form subjective awareness of the body, relevant to proprioception and the 

processing of egocentric spatial coordinates. Pittsburgh Sleep Quality Index (Buysse et al., 

1989) was used to assess sleep quality as sleep deprivation can affect cognition and 

processing speed (Mantua & Simonelli, 2019).  Measures for Assessing General Anxiety 

Disorder 7 (GAD-7)(Spitzer et al., 2006)  and Patient Health Questionnaire-9 (PHQ-9) (Löwe 

et al., 2004) were used to assess mental health as this can impact cognition (Bauermeister & 

Bunce, 2014).  

 

Oddball Task  

An auditory 3-stimulus oddball (or novelty oddball) paradigm was presented using E-Prime 

and consisted of standard (75%), target (12.5%), and novel (12.5%) stimuli as used in 

(Tavakoli et al., 2021). The stimuli were presented in a pseudorandom order, in that target or 

novel stimuli could not be presented consecutively. The participants were instructed to 

respond only to the target stimuli using a mouse. Participants were seated with their hand on 

the mouse to minimise movement and asked to focus on a fixation cross presented in the 

centre of the computer screen. All stimuli had a duration of 200 ms and a rise-and-fall time of 

5 ms. The standard stimulus was an 80 dB SPL 1000 Hz pure tone. The target stimulus was 

an 80 dB SPL 1500 Hz pure tone. The novel sounds had an average intensity of 80 dB SPL. 

A different novel sound (Fabiani et al., 1996) was presented on each trial so that none of the 

novel sounds were repeated. The novel sounds were unexpected environmental noises such as 

a dog barking, sweeping, whistle, etc and are described in detail by Fabiani (Fabiani et al., 

1996). The first ten tones in the sequence consisted of only standards. The inter-stimulus 

interval was 1000 ms. A total of 400 stimuli were presented in a single sequence, consisting 

of 300 standards, 50 targets, and 50 novels. The test lasted approximately 8 minutes. A brief 

rest period was given within the sequence at approximately 4 minutes in. 
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Figure 12. Visual representation of the auditory oddball task. Novel sounds were unexpected 

environmental noises such as a dog barking, sweeping, whistle, etc. 

 

Sea Hero Quest  

Sea hero Quest is an app- based cognitive task that enables the collection of spatial 

navigation data and is used in large scale population based studies (Coutrot et al., 2018). SHQ 

goal-oriented wayfinding (allocentric) levels are sensitivity to identifying pre-clinical 

AD(Coughlan et al., 2019). Flare (egocentric) levels 14, 19, 24, and 34 were selected (See 

Figure 13A-C) and for contrast of egocentric and allocentric abilities the Wayfinding 

(allocentric) levels 6, 8 and 11 were also selected. In the Wayfinding levels participants were 

shown locations to visit from a map. The map disappeared, and they had to navigate the boat 

through the virtual environment to find different checkpoints.  
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Figure 13. SHQ Flare level 14. 

Participants start at a satellite buoy and are instructed to navigate a virtual boat along a river 

to find a flare gun (A). Once they find the flare gun at the end of the river, the boat rotates by 

180°, and participants are asked to choose one of three possible directions (right, front, and 

left) that they believe points to the starting point (B). The flare is then fired in the direction of 

selected and participants (C). Outcome measures of distance travelled (pixels), task duration 

(sec) and Flare accuracy (0-3) are recorded. Flare (egocentric) levels require participants to 

(i) form an accurate representation of the starting point relative to their position and (ii) 

integrate this representation with a representation of the direction they are facing after the 

rotation. 

 

The Virtual Supermarket Test 

The Virtual Supermarket Test (VST) has been developed by our group previously and used in 

symptomatic mild cognitive impairment (MCI), AD, frontotemporal dementia (FTD) and 

VCI patients (Coughlan et al., 2018a; Lowry et al., 2020; Tu et al., 2015, 2017). The VR task 

is an ecological test of spatial navigation abilities designed to simulate navigating through a 

real-world supermarket. An iPad 9.7 (Apple Inc.,) was used to show participants 20-40 

second video clips of a moving shopping trolley in the virtual supermarket (Figure 14A-E). 
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The task consists of 14 trials and takes approximately 15 minutes to complete. The task 

avoids the use of landmarks or salient features within the environment and limits the demand 

on episodic memory, reflecting similar tasks in the literature (Cushman et al., 2008; Morganti 

et al., 2013; Wolbers et al., 2007) and  taps into path integration processes via three core 

spatial processes: i) egocentric self-reference navigation; ii) allocentric map-based navigation 

and iii) heading direction. Performance is calculated using the distance error (mm) between 

this and the coordinates of the actual finishing location. This map-based component provides 

an assessment of geocentric encoding of the virtual environment. The participant then 

indicates their heading direction at the finishing point, which determines the ability to which 

heading direction was encoded and updated throughout the task. 

 

 

Figure 14. Virtual Supermarket Test. 

Videos were presented in a first-person perspective and participants are provided with optic 

flow cues from the moving shopping trolley and changing scenery as it followed different 

routes to reach a different end point in each trial (Figure 14A-C). Once the video clip stops, 

participants indicate in real-life the direction of their starting point (egocentric orientation; 
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13D). In a second step, participants indicate their finishing location on a birds-eye view map 

of the supermarket (allocentric orientation; 13E). Lastly, participants are asked to indicate 

which direction they were facing at the finishing location (heading direction; 13F). 

 

The Clock Orientation Test 

The Clock Orientation test has also been developed by our group(Coughlan et al., 2018a; 

Lowry et al., 2020) as a bedside clinical test for egocentric orientation. It requires participants 

to imagine they are standing in the centre of a large clock, facing a particular number, e.g., 

the number 3. Participants are then asked, “which number is directly behind you?” (Answer: 

number 9). Next participants are asked to point, in real-life, to the positions of different 

numbers on the clock face in relation to the number that they are currently facing. For 

example, “You are facing number 12, can you point to the number 3?” (Answer: pointing 

right). The questions increase in complexity across the test and require medial parietal 

mediated mental imagery, rotation and egocentric processes, with no episodic memory 

demand. The test consists of 12 trials and takes 5-10 minutes to complete. Outcome measures 

of score (0-12) and reaction time for each question were recorded.  

 

 

EEG acquisition  

A 64-channel active electrode system (Brain Products GMbH) with a BrainAmp MR64 

PLUS amplifier was used for EEG acquisition. Viewing distance was ~70 cm from eyes to a 

61 cm monitor (resolution 1920 × 1080 px). Participants were positioned in a comfortable 

chair in front of a computer screen and two speakers ~70 cm from their face. Participants 

were presented with the task instructions on the computer screen and advised that the task 

involved listening out for a high-pitched (target) beep, and that they should press the left 
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button on the mouse when they heard these sounds. Accuracy and reaction time for the 

Oddball task were recorded for every trial. 

 

EEG was recorded using a Brain Vision actiCAP system with 64 active electrodes. 

Participants wore an elastic nylon cap (10/10 system extended). One electrode was placed 

under the left eye to monitor vertical eye movements (lower EOG). The continuous EEG 

signal was recorded at a 500 Hz sampling rate using FCz as a reference electrode. All 

electrodes had connection impedance below 50 kΩ before recording commenced. Continuous 

EEG data were pre-processed and analysed offline using EEGLAB (Delorme & Makeig, 

2004) and ERPLAB (Lopez-Calderon & Luck, 2014). High- and low-pass half-amplitude 

cut-offs were set at 0.1 and 40 Hz, respectively. Noisy channels were interpolated with the 

spherical interpolation function from EEGLAB. Continuous data were segmented into an 

epoch of -200 to 800 ms relative to stimulus onset and referenced to the mastoids, in line with 

previous studies examining P300 response (Lee et al., 2013). Trials containing excessive 

artefacts were rejected based on a step function (Luck, 2005; with the voltage threshold set to 

± 100 μV in 200ms-wide moving windows, with a window step of 50ms).  

 

A maximum of 10% of channels were interpolated per participant and the minimum number 

of accepted trials for each participant was 189 for the standard stimuli, 38 for the target 

stimuli and 39 for the novel stimuli. The P300 was defined as the largest positive peak 200-

600ms after stimuli onset (Duncan et al., 2009; Polich, 2012) and analysed within these 

parameters. The peak latency of the P300 was measured in the same time window, relative to 

the pre-stimulus baseline. The P300 was examined at midline electrodes (Fz, Cz, CPz, Pz), in 

line with guidelines for measuring the P300 in clinical research (Duncan et al., 2009). I 

measured P300 elicited by the novel, target, and the standard tone.  
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Procedure  

All participants underwent telephone pre-screening where they needed to meet our inclusion 

criteria in order to be invited for testing. Participants underwent a two-hour cognitive, 

neuropsychological and physical assessment at the first testing session which took place in 

their homes. Approximately seven days later participants underwent a further two-hour 

testing session where they completed EEG and spatial testing at the University of East Anglia 

EEG Laboratory.  

 

Figure 15. Flow Diagram of Study Protocol. 
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Statistical Analysis  

The data was analysed using SPSS Statistics (version 26) and MATLAB (R2020b).  Chi-

square was used to test for independence between gender, education and risk group. One-way 

ANOVA was used to compare significant associations between Age, SBP, DBP, Total 

cholesterol, LDL cholesterol (see, Table 9). Group characteristics suggest the CVR+ were 

older and contained more males. Therefore, age and sex were entered as a covariate in all 

further analysis. These covariates were essential also given that sex has been shown to effect 

navigational performance (Driscoll et al., 2005) increased age has been associated with 

delayed P300 latencies and reduce amplitudes (Juckel et al., 2012). A one-way ANCOVA 

controlling for age and sex was used to determine group differences on cognitive measures 

(see, Table 10) and spatial measures (see, Table 11). Separate repeated mix measures analysis 

of covariance (ANCOVA) was employed for analysis of amplitude and latency P300 data, 

with group (CVR+ vs. HC) as a between subjects’ factor and electrode (Fz, Cz, CPz, Pz) as 

the within subjects factor for each condition (novel, target, standard). Mauchley’s test was 

used to evaluate the sphericity assumption. Post-hoc analysis was computed using one-way 

ANCOVA with age and sex as covariates. Effect sizes were computed using partial eta-

squared and interpreted as; ηp
2 = 0.01 indicates a small effect, ηp

2 = 0.06 indicates a medium 

effect and ηp
2 = 0.14 indicates a large effect (Cohen, 1988). During data collect for Sea Hero 

Quest Two participants data were lost due to technical difficulties leaving a total of 43 

participants for this analysis (23 CVR+, 20 HC).  During EEG data collection seven 

participants were excluded from analysis due to noisy data (trial rejection > 30%), leaving a 

total of 38 participants (20 CVR+, 18 HC).   
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Results 

 

Demographic Characteristics 

Chi-square test for independence indicated no significant associations between gender and 

risk group, X2 (1, n=45) = .291, p = .06 and education and risk group, X2 (1, N=45) = -.1, 

P= .502. A one-way ANOVA was used to compare significant associations between Age, 

systolic blood pressure, diastolic blood pressure, cholesterol, LDL cholesterol and BMI 

between risk groups. A Significant difference between group was observed for age (p <.001) 

and systolic blood pressure (p <.001), see Table 9. 
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Table 9. Group characteristics of high cardiovascular risk (CVR+) and healthy control (HC) 

groups. 

  Group   

  CVR+ HC p value 

N 25 20 

 
Sex (m/f) 12/13 4/16 0.06 

Age 66.2 (4.45) 51.95 (5.40) <.001* 

Education (Secondary/HE) 10/15 10/10 0.5 

Systolic BP (mmHg) 136.98 (14.85) 123.03 (11.07) <.001* 

Diastolic BP (mmHg) 84.14 (8.89) 82.25 (7.59) 0.45 

BPM heart rate 66.22 (12.23) 67.87 (12.41) 0.66 

Total Cholesterol (mmol/l) 5.11 (1.81) 4.75 (1.54) 0.51 

LDL Cholesterol (mmol/l) 3.81 (1.49) 4.31 (1.34) 0.29 

HDL Cholesterol (mmol/l) 1.31 (1.61) 1.55 (.44) 0.62 

Triglycerides (mmol/l) 2.57 (1.3) 2.28 (.9) 0.41 

BMI 27.27 (6.21) 27.51 (5.93) 0.9 

Antihypertensive use 1 1  

Antidiabetic use 2 -  

Antihyperlipidemic use 4 -  

Family hist heart attack 4 -  

*Represents two tailed statistical significance at p<.05. Standard deviations in parenthesis.  
Abbreviations: BMP. Beats per minute; BMI. Body mass index; Family hist heart attack, 

Family history of heart attack or angina in first degree relative <60 years old. 
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Neuropsychology  

A one-way ANCOVA controlling for age was used to compare associations between 

cognitive tests and risk groups, as age was significantly higher for the risk group and decline 

in general cognitive abilities is often reported in old age (Hartshorne & Germine, 2015). 

Cognitive scores indicate the CVR+ group had higher scores on the memory and fluency 

subscales of the ACE-III, as well as higher scores on the dot counting task from the VOSP 

compared to HC. No other comparisons were significant (see, Table. 10). 
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Table 10. General cognition scores from the test battery comparing high cardiovascular risk 

(CVR+) and healthy control (HC) groups controlling for age.  

  Group 
   

  CVR+ HC F p ηp
2 

General cognition      

ACE total (/100) 96.5 (3.07) 96.6 (2.56) 2.25 .14 .05 

ACE: attention 17.04 (1.53) 17.45 (1.23) 2.24 .14 .05 

ACE: memory 25.29 (1.39) 24.6 (1.76) 5.5 .02* .11 

ACE: fluency 12.92 (1.56) 12.85 (1.31) 4.1 .05* .1 

ACE: language 25.48 (2) 25.70 (.57) .38 .54 .009 

ACE: visuospatial 15.32 (.95) 15.65 (.59) 1.14 .29 .03 

Processing speed      

DSST: completed in 90 sec 49.32 (15.96) 59.6 (12.26) 1.85 .18 .04 

Trial Making Test (part B): RT 68.38 (23.82) 69.03 (36.94) 1.67 .2 .04 

Visuospatial ability      

Digit Symbol Substitution Test: errors .08 (.4) .1 (.45) .18 .67 .004 

Trial Making Test (part B): errors .42 (.7) .55 (1.23) 4.69 .04 .1 

VOSP: Dot Counting (/10) 9.88 (.33) 9.75 (.55) 4.29 .05* .09 

VOSP: Cube analysis (/10) 9.4 (.76) 9.7 (.57) .02 .88 .001 

VOSP: Position Discrimination (/20) 19.64 (.76) 19.10 (3.34) .02 .89 .001 

Self-report measures      

Cognitive Change Index total (/100) 32.52 (14.21) 36.70 (14.15) 2.31 .14 .05 

Cognitive Change Index: memory 20.82 (8.63) 23.2 (8.6) 1.48 .23 .03 

Cognitive Change Index: executive 
function 6.92 (3.79) 8.7 (4.46) 

3.11 .08 .07 

Cognitive Change Index: language 4.76 (2.59) 4.8 (2.54) 2.19 .14 .05 

IPAQ: Sedentary hours per day 7 (5.06) 5.17 (3.4) 2.84 .1 .11 

Pittsburgh Sleep Quality Index 4.64 (2.94) 6.89 (4.31) 2.79 .1 .07 

Santa Barbra Sense of Direction Index 56.24 (19.3) 60.95 (18.36) 2.3 .13 .05 

Body Perception Questionnaire 29.92 (16.18) 27.65 (15.83) .93 .34 .02 

GAD-7 1.6 (1.63) 5.95 (3.79) 2.98 .09 .07 

PHQ-9 1.56 (2.93) 6.25 (3.33) 3.68 .06 .08 

*Represents statistical significance of ≤.05.  Standard deviations in parenthesis. ACE, Addenbrookes Cognitive 

Examination; DSST, Digit symbol substitution test; VOSP, Visual Object and Space Perception Battery; IPAQ, 

International Physical Activity Questionnaire; GAD-7, General Anxiety Disorder questionnaire; PHQ-9, Patient 

Health Questionnaire.  
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Sea Hero Quest egocentric sensitivity to CVR+ 

A one-way mixed ANCOVA controlling for age and gender showed that performance for 

Flare (egocentric) level 14 differed between the groups. Flare accuracy scores showed a 

significant difference between the CVR+ and HC groups when controlling for age and sex F 

(1,43) = 5.22, p = .03, ηp
2 = .18. The CVR+ group had reduced accuracy (2.59 (.11)) 

compared to HC (3.11 (.14)).  Flare level 14 duration also differed between groups, when 

controlling for age and sex, F (1, 43) = 6.25, p=.02, ηp
2 = .16. The CVR+ group took longer 

(40.88 (3.52) to complete the level than HC (23.12 (4.56)), see Table. 11. No other spatial 

tests reached statistical significance (p>.09), see supplementary material for more 

information. 
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Table 11. Indicates reduced accuracy and increased duration in Sea Hero Quest Flare level 

14 for the high cardiovascular risk (CVR+) group compared to healthy controls. There were 

no differences in behavioural outcome of the Oddball task between groups. 

  Group       

  CVR+ HC F p ηp
2 

SHQ Flare Accuracy 2.76 (.43) 3 (.0) 5.22 0.03* 0.21 

SHQ Flare Duration (ms) 
408.87 

(35.26) 
231.25 (45.67) 6.25 0.02* 0.2 

Oddball % of correct hits 97.69% (3.3%) 98.7% (3.9%) 1.49 0.22 0.16 

Oddball RT (ms) 432.04 (68.0) 422.24 (47) 0.9 0.59 0.61 

*Represents statistical significance of ≤.05.  Standard deviations in parenthesis. 
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EEG Analysis 

There were no group differences between the oddball task performance (see, Table. 11). All 

participants had a minimum of 100 trials for the standard condition, 35 trials for the target 

and novel conditions.  

 

Midline P300 Amplitude  

Repeated measures ANCOVA with age and sex as covariates was performed for each 

condition. For the standard condition there was no interaction of electrode x group (Fz, Cz, 

CPz, Pz) or group (CVR+, HC) F (3, 144) = .3, p = .84, ηp
2 =  .01 and no main effect of 

electrode F (3, 144) = .4, p = .8, ηp
2 = .01 or group F (1, 38) = 1.1, p =.7, ηp

2 = .03. For the 

target condition there was no interaction of electrode x group F (3, 144) = .21, p = .1, ηp
2 

= .01 and no main effect of electrode F (3, 144) = 1.4, p =.24, ηp
2 =.05 or group F (1, 38) = 

1.2, p = .4, ηp
2 = .03. For the novel condition there was no electrode x group interaction F (3, 

144) = 1.1, p = .43, ηp
2 = .03 and no main effect of electrode F (3, 144) =.1, p = 1.1, ηp

2 

= .002 or group F (1, 38) = .32, p = .6, ηp
2 = .01.  

 

Midline P300 Latency 

Repeated measures ANCOVA with age and sex as covariates was performed for each 

condition. For the standard condition there was no interaction of electrode x group (FZ, Cz, 

CPz, Pz) F (3, 144) = .08, p = 1.1, ηp
2 = .001, no main effect of electrode F (3, 144) = .1, p 

=.5, ηp
2 = .03 or group F (1, 38) = 3.1, p = .1, ηp

2 = .11. For the target condition there was no 

interaction of electrode x group F ( 3, 144) = 1.2, p = .43, ηp
2 = .03. There was a significant  

main effect of electrode F (3, 144) = 3.1, p = .04, ηp
2 = .12, planned pairwise comparisons 

suggests a longer latency for the Pz electrode to Fz for both groups (mean difference -58.95, 
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95% CI [-108.5 to  -9.4]). But, critically there was no main effect of group F (1,38) = .1, p 

= .82, ηp
2 = .002. For the novel condition there was no electrode x group interaction F (3, 

144) = 1.8, p = .16, ηp
2 = .1 and no main effect of electrode F (3, 144) = 1.02, p = .4, ηp

2 

= .03. There was, however, a significant main effect of group F (1,38) = 6.2, p = .02, ηp
2 

= .14, with the CVR+ group reporting significantly longer latencies (408.25ms + 46.9) 

compared to HC (329.8MS + 48.65). Planned post-hoc analysis using one-way ANCOVA at 

the electrode level showed significantly longer latencies at the Pz electrode for the CVR+ 

group (408.3MS + 46.9) compared to HC (329.87+48.6), F (1,38) = 24, p = .001, ηp
2 = .41. 

No other comparisons reached significance.  
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Figure 16. Waveforms for the midline P300 latencies in the novelty condition for the 

cardiovascular risk (CVR+ red line) and healthy control (HC black line) groups. 

 

 

 

 

Figure 17. P300 scalp maps showing amplitude distribution from 200 to 600ms after stimulus 

onset for the standard minus the novel condition (top row)  and for the standard minus the 

target condition (bottom row). 
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Relationships between sensitive measures and behavioural data 

Pearson’s correlation was used to identify significant associations between the measures 

which showed sensitivity to the high cardiovascular risk group (P300 latency at Pz electrode 

for the novel condition, Flare accuracy and Flare duration) and the behavioural data (see 

Table.12).  
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Table 12. Significant relationships between sensitive measures and behavioural data for the 

CVR+ group. 

  r p 
Pz novel latency + Dot counting  -0.479 0.033* 

Pz novel latency + DSST errors -0.477 0.033* 

Pz novel latency + Attention  0.445 0.049* 

Flare duration + Visuospatial   0.477 0.029* 

Flare duration + SBSDS -0.458 0.037* 

Flare duration + VST egocentric  0.52 0.016* 

*Represents statistical significance of ≤.05.   
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Correlational analysis suggests that, as P300 latency at Pz electrode in the novel condition 

increases in the CVR+  group, dot counting ability is reduced. Increases in P300 latency is 

also associated with reduced  DSST errors and higher scores in attention. Longer flare 

duration for the high risk group is associated with reduced self-report measures of sense of 

direction (SBSDS), higher visuospatial and VST egocentric scores.  

 

Sensitivity and Specificity 

The sensitivity and specificity of the P300 latency in the novel condition, Flare accuracy and 

Flare duration for level 14 data were explored using logistic regression and ROC curves. The 

Logistic regression model was significant X2 = 18.66, p = < .001. The model explained 62% 

(Nagelkerke R2) of variance in Risk and control groups and correctly classified 83.3% of 

participants. ROC curves were computed for the P300 latency in the novel condition, Flare 

accuracy and Flare duration for level 14 predictors in discerning CVR+ individuals from HC. 

Area Under the Curve (AUC) values indicated that the P300 latency in the novel condition 

had the strongest diagnostic accuracy in the model at predicting group membership [AUC = 

0.87, SE = .07, 95% CI (.73, .99)]. Flare duration also had some diagnostic accuracy [AUC 

= .66, SE = .09, 95% CI (.13, .46)]. Flare accuracy was not effective at classifying risk and 

control groups [AUC = .38, SE = .1, 95% CI (.18, .58)], see Figure. 18.  
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Figure 18.  ROC curves for P300 latency at Pz electrode (blue line). Flare accuracy (green 

line), Flare duration (purple line) and reference (orange line) predicting correct diagnosis 

(high risk or control group).  

 

Discussion 

In the present study we aimed to detect dysfunction to the P300 response and egocentric 

spatial orientation in CVR+ individuals compared to HC, indicating potential cerebrovascular 

dysfunction to frontoparietal structures (Lowry et al., 2021).  Baseline characteristics suggest 

the CVR+  group were older and had higher systolic blood pressure than heathy controls, 

consistent with validated cardiovascular risk predictors (Hippisley-Cox et al., 2008). 

Interestingly, the risk group scored slightly higher on memory and fluency subsections of the 

ACE and in the dot counting subsection of the VOSP, though size effects were medium 

(Cohen, 1988). 
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Our results indicate P300 latency in the novel condition at posterior ERP generators are a 

sensitive and specific marker selective for identifying CVR+ individuals. The present study 

confirmed a greater P300 latency at the Pz electrode for novel stimuli in CVR+ individuals 

compared to HC. However, there were no significant differences in the P300 amplitude 

between the CVR+ and HC groups. Our finding is consistent with previous studies, which 

shows increases in the P300 latency is a more sensitive marker of cognitive decline in 

preclinical VCI compared to the P300 amplitude response (Cicconetti et al., 2007; Hazari et 

al., 2015).  

 

The results reported in this study, show group differences appear over the more posterior 

parietal-based electrode generator site of Pz. Subregions of the posterior parietal cortex 

(which are thought to overlap P300 generators (Johnson, 1993) and prefrontal cortex (Kravitz 

et al., 2011; Szczepanski et al., 2013) are involved in encoding context dependent and trial-

by-trial modulation of attention and response inhibition (Cieslik et al., 2011; Corbetta et al., 

2008; Sestieri et al., 2017). Our results could be interpreted using ‘context-updating theory’ 

(Donchin, 1986), which suggests the P300 and both subcomponents (P3a and P3b) are on a 

continuum, with P3a ‘identifying change’ and the P3b ‘updating the model’. Therefore, 

slowed response at Pz indicated in this study may indicate disruptions to the identifying and 

updating function (Fabiani et al., 1996) of the mental representations of the disrupted oddball 

sequence . Which indeed, is consistent with findings from patient lesion studies that indicate 

the novelty and target P300 are produced by a neural pathway between frontal and 

temporal/parietal regions (Polich, 2003), instead of localised neural processes.  

 

Results also indicate egocentric (self-referential) spatial orientation differences between the 

CVR+ and HC groups using Sea Hero Quest. At risk individuals showed reduced accuracy 
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and increase duration to complete the Flare (egocentric) level 14 compared to healthy 

controls. Egocentric orientation provides a sensorimotor mental spatial representation which 

relate to the body in order to effectively orientate and navigate. Prefrontal and parietal cortex 

are thought to localise the position of objects relative to the body (Arnold et al., 2014; 

Goodale & Milner, 1992) and the precuneus integrates location cues and egocentric 

representation from the surrounding space (Wolbers & Wiener, 2014). The SHQ Flare levels 

require the player to access path integration and metal rotation mechanisms in order to locate 

their starting position, processes typically associated with functions of the medial parietal 

cortex (Galati et al., 2000; Goodale & Milner, 1992; Zaehle, Jordan, Wustenberg, et al., 

2007) and prefrontal cortex (Spiers, 2008; Spiers & Barry, 2015). This dysfunction in 

egocentric processes is consistent with studies examining spatial orientation in VCI 

(Coughlan et al., 2018a; Lowry et al., 2020). This result in particular, is supported by findings 

from VCI case study RK, in Chapter three (Lowry et al., submitted) which suggests reduced 

white matter integrity to the left and right SLF parietal sections could be linked to egocentric 

spatial orientation deficits in VCI. Potential disruption to egocentric networks supports our 

overarching hypothesis and may represent dysfunction to frontoparietal networks via integrity 

changes to the SLF (Lowry et al., 2021). 

 

When modelling sensitivity and specificity, results suggest the P300 latency for novel stimuli 

from the auditory oddball task has the strongest diagnostic accuracy at predicting CVR+  

individuals compared to egocentric accuracy and duration of SHQ. Our results are consistent 

with research suggesting increased P300 latencies can be used to indicate cognitive decline 

(Polich & Criado, 2006). Superior regions of the posterior parietal lobe, including the 

intraparietal sulcus, somatosensory motor area, as well as the fusiform face area are involved 

in egocentric processing (Breveglieri et al., 2013; Galletti et al., 2001; Kravitz et al., 2011) 
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and the intraparietal sulcus is involved in attention (Derbie et al., 2021; Ptak, 2012) Medial 

regions of parietal cortex including the precuneus update spatial referencing (Kravitz et al., 

2013) as well as shifting spatial attention (Kravitz et al., 2011). These functions also overlap 

with superior fibres of the SLF (SLF I) which project from the superior parietal lobe 

terminating at the supplementary motor and pre motor areas of the frontal lobe and are 

thought to be implicated in functions of proprioception (Chang et al., 2015). Lesion studies 

indicate disruptions to the SLF, inferior longitudinal fasciculus (ILF) and inferior fronto-

occipital fasciculus disrupt neural activities in during egocentric spatial coding (Ptak, 2012; 

Serrao et al., 2021) . Changes in orientating attention are associated with reduced WM 

integrity to the SLF and ILF (De Schotten et al., 2011) and are associated with slowed 

reaction times among older adults (Bennett et al., 2012). Taken together, our findings indicate 

dysfunction to the frontoparietal networks involved in novelty processing and egocentric 

orientation and point towards potential cerebrovascular change with parietal origins in CVR+ 

individuals.  

 

Associations between cognitive tests and the experimental measures sensitive to detecting the 

CVR+ group revealed as the P300 novelty latency at the Pz electrode increased, dot counting 

ability is reduced. This finding is in keeping with literature suggesting the P300 latency 

indicates how long it takes to process information before making a response and has been 

associated with the neural activity underlying processes of attention allocation and immediate 

memory (Polich, 2007) required to successfully dot count. Correlations also suggest longer 

flare duration for the CVR+ group is associated with reduced self-report measures of sense of 

direction (assessed by SBSDS). Given that subjective spatial abilities are highly correlated 

with directional knowledge and thought to represent our ability to orient ourselves in an 

environment (Weisberg et al., 2014), it is unsurprising individuals who took longer to 
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orientate themselves and find the flare gun during SHQ also reported lower sense of direction 

abilities.  Associations between Pz novelty latency and reduced digit symbol substitution 

errors and higher scores in attention were shown for the CVR+ group, as well as associations 

between flare duration and higher visuospatial and VST egocentric scores for the CVR+  

group. This perhaps reflects longer processing speed to orientate to the task environment and 

achieve the correct response.  

 

The study reveals an exciting finding of P300 latency and SHQ egocentric flare accuracy and 

duration as a potential marker of preclinical vascular cognitive impairment. However, there 

are some limitations. Egocentric measures of the Virtual Supermarket Test and the Clock 

Orientation Test have previously demonstrated selectivity and specificity to VCI (Lowry et 

al., 2020; Coughlan et al., 2018a) were not sensitive to CVR+  individuals in this study. The 

Clock Orientation Test is a simple pen and paper task which requires the participants to state 

the answer whilst the interviewer notes their response and reaction time. Whilst during the 

virtual supermarket test, duration data was not collected. Therefore, perhaps these measures 

lack the sensitivity to detect these subtle yet insidious changes in preclinical populations 

compared to SHQ (see Coughlan et al., 2019). Ceiling effects were also observed for the HC 

group potentially confounding statistical analysis. The control group contained fewer males 

than females, although sex was a covariate in the analysis, future studies may wish to 

consider a more even representation of males to correct any potential confounds. In addition, 

EEG provides great insights, but diffusion tensor imaging MRI is required to examine 

fractional atrophy in the frontoparietal connecting networks to substantiate our hypothesis.  

 

In conclusion, midlife high cardiovascular risk individual’s indicative of preclinical VCI, 

appear to have greater P300 novelty latencies compared to healthy controls. Egocentric 
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orientation is also disrupted with reduced accuracy and increased processing speed during 

SHQ for high cardiovascular risk individuals. Findings indicate potential dysfunction to 

functions at parietal brain sites associated with ‘updating’ our mental representations of the 

environment. The study is the first step towards exploring the clinical utility of experimental 

measures alongside existing clinical tools (QRISK3) to identify and track cognitive decline in 

cardiovascular risk individuals. More research is needed to replicate this finding across a 

larger sample and more diverse population, but findings indicate a promising neurocognitive 

marker of preclinical VCI.  
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Chapter 5: General Discussion 
 

Summary  

The primary goal of this thesis was to establish if spatial orientation deficits were a sensitive 

and selective marker of vascular cognitive impairment (VCI) and if it could be used to 

identify at VCI-risk individuals at the preclinical stage. The secondary goal was to examine 

the neural correlates of VCI at the symptomatic stage using the case study RK, to observe if 

neural degeneration was consistent with the brain regions associated with spatial orientation. 

Finally, we examined the electrophysiological response in at VCI-Risk individuals to explore 

if differences existed between cardiovascular risk individuals and healthy controls. Chapter 

one synthesised the existing literature on the midlife risk factors of VCI and their cognitive 

and neural correlates and proposes a model of dysconnectivity to frontoparietal networks 

which may be identified using novel techniques including spatial navigation and the P300 

electrophysiological response. Chapter two showed that VCI patients have egocentric and 

allocentric deficits when navigating the Virtual Supermarket Test and the Clock Orientation 

Test, critically egocentric deficits were not present in Alzheimer’s disease (AD) patients. In 

Chapter three, a follow-up with the VCI case study, RK, showed a continued egocentric 

deficit with new allocentric impairment, both of which went undetected using conventional 

neuropsychological assessment. RK’s brain imaging indicated a potential loss of structural 

integrity to the parietal segments of the longitudinal superior fasciculus (SLF), perhaps 

reflecting reduced network connectivity in regions underpinning spatial orientation. The final 

experimental chapter, Chapter four, suggests that VCI-risk individuals in midlife can be 

detected using egocentric spatial orientation and the P300 novelty latency response. Figure 19 

provides a conceptual overview of the key findings.  



125 
 

 

 

Figure 19. The neurocognitive profile of symptomatic VCI and VCI-risk individuals from this 

thesis. Featuring the neural anatomy of egocentric orientation (blue arrows) and the P300 

response neural generators (green arrows), results from the studies (orange boxes) and our 

proposed model of dysconnectivity from Chapter 1. Figure adapted from (Lowry et al., 

2021). VCI, vascular cognitive impairment; VST, virtual supermarket test; SHQ, sea hero 

quest, PPC; posterior parietal cortex, RSC; retrosplenial cortex, PFC; prefrontal cortex, 

MTL; medial temporal lobe. 

 

Egocentric orientation a marker of symptomatic VCI  

The initial goal of this thesis was to establish if spatial navigation deficits could be used as a 

sensitive and selective cognitive screening tool for the detection of VCI and provide a clear 

distinction between VCI and AD. Findings from Chapter two indicate that egocentric 
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orientation processes were impaired in VCI and not AD, reliably distinguishing vascular from 

AD pathophysiology. This supported findings from the VCI case study RK (Coughlan et al., 

2018a), who had egocentric path integration deficits. While allocentric orientation was 

impaired in both VCI and AD. Suggesting dysfunction to path integration processes which 

combine egocentric and allocentric information.  

 

Disruptions to spatial orientation was measured using the novel virtual reality (VR) Virtual 

Supermarket Test (VST) and the bed-side assessment Clock Orientation Test (COT) and 

presented as reduced scores in egocentric orientation. Potentially representing pathological 

change to the inferior and superior parietal cortices. This picture seems consistent with 

previous evidence examining patients with unilateral parietal cortex lesions due to infarction 

or intracerebral haemorrhage using a virtual reality maze (Weniger et al., 2009). Findings 

suggest that only egocentric impairments were present in the patients and performance 

correlated with reduced volumes of the right-sides precuneus. While allocentric performance 

was unaffected in the parietal lesion patients, memory problems were apparent (Weniger et 

al., 2009). Perhaps this finding, along with our own results may represent the role of the 

parietal cortex in spatial memory as seen in rodent studies (Save et al., 2005), therefore 

somewhat explaining potential mechanism for the allocentric deficits. Disruptions to spatial 

memory may also contribute to reduced performance in the visuospatial domain of the ACE-

III, RCFT copy condition for the VCI patients.  Free recall of the FCSRT was also impaired 

potentially representing dysfunction to the retrieval demands on prefrontal and parietal 

structures (Staresina & Davachi, 2006), rather than hippocampal-memory based problems per 

sue. As when VCI patients were cued in the FCSRT they outperformed AD patients. Reduced 

volumes to the right sided precuneus have also been associated with egocentric deficits in 

amnesic mild cognitive impairment (MCI) patients, while reduced hippocampal volume 
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corresponded with diminished allocentric abilities (Weniger et al., 2011), consistent with the 

neuroanatomy of spatial navigational processes. 

 

The egocentric demand in the virtual Supermarket requires the individual to form an accurate 

representation of the starting point by integrating virtual self-motion with heading direction to 

reach their end destination. Path integration plays an important role in updating spatial 

orientation during self-motion but this process is accumulative, therefore can be liable to 

directional errors with respect to the original starting position (McNaughton et al., 2006), 

which may be responsible for problems observed across both egocentric tasks. Whereas the 

Clock Orientation test demands egocentric processes to configure the position of numbers on 

a clock face relative to the individual’s current position. Both tasks rely on accessing scene 

construction, mental rotation and imagery translated from an egocentric orientation (Byrne et 

al., 2007; Dhindsa et al., 2014; Irish et al., 2015). At the neural level, translation of these 

egocentric processes depend mainly on medial parietal cortex (Galati et al., 2000; Goodale & 

Milner, 1992; Zaehle et al., 2007) as well as prefrontal cortex (Spiers, 2008; Spiers & Barry, 

2015) indicating potential disruptions in fronto-parietal structures typically seen in vascular 

patients (Beason-Held et al., 2012; Heiss et al., 2016; Van Der Flier et al., 2018; Vipin et al., 

2018). 

 

It is also important to consider the domain of memory when interpreting our findings from 

Chapter two. Results from the FCSRT suggest VCI patients had significantly worse memory 

than the AD and control groups, sub-score results indicate this is driven by reduced 

performance during free recall. This is likely due to the retrieval demands on pre-frontal and 

parietal structures (Staresina & Davachi, 2006) which are typically disrupted in VCI opposed 

to hippocampal-memory based problems. As when cued VCI patients outperform AD 
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patients. This finding is consistent with evidence that suggests providing a cue has little 

bearing on improved memory recall in AD (Sarazin et al., 2007; Wagner et al., 2012). This 

finding may be relevant to the poor allocentric results observed for VCI patients, as reduced 

retrieval mechanisms may have disrupted their task performance opposed to pure allocentric 

(medial temporal) mapping problems, which we would expect to see in the AD patients. 

 

However, the virtual supermarket test is not a pure egocentric or allocentric task. Therefore, 

combined usage of egocentric and allocentric processes in order to navigate the task is likely 

(Burgess, 2006). Precuneus-modulated egocentric information such as gathering an 

imaginable representation of the environment relative to the person (Gusnard & Raichle, 

2001) could be translated to the map-based allocentric assessment and therefore, disrupt 

allocentric performance. Though, translations of egocentric and allocentric information are 

thought to integrate in the retrosplenial cortex (RSC). This is supported by research 

examining AD patients using the virtual supermarket test as egocentric performance was 

thought to partly rely on the volumetric integrity of the RSC (Tu et al., 2015).  

 

Egocentric orientation deficits were also observed in VCI patients in Chapter two when 

assessed using the clock orientation test. Unlike the VST, the COT is a non-VR bedside task 

that requires the patient to imagine they were in the centre of a clock face and either verbally 

respond or point to a series of orientation-based questions based on cardinal, right angled 

points and free angle positions. Tapping into mental imagery, rotation and egocentric abilities 

by asking questions such as “imagine you are facing number ‘3’, which number is directly 

behind you?”. This task bares likeness to the judgements of relative direction (JRD) task, 

frequently used to assess egocentric and allocentric abilities (Dhindsa et al., 2014). The JDR 

necessitates knowledge of the persons imagined position in the environment as they are 
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required to imagine they are standing in one position facing an object and then asked to 

indicate the direction of a further object (Carpenter & Kelly, 2012). Both the JRD and COT 

involve transforming between different coordinates and transferring different viewpoints, 

which indeed is associated with recruiting of the RSC (Dhindsa et al., 2014), potentially 

indicating the involvement of disruption to path integration processes in the VCI patients in 

this study.  

 

Though, an alternative perspective in the context of our findings is that of the so called 

‘BBB’ model (Byrne et al., 2007). It proposes that neurons within the posterior parietal 

cortex (PPC) maintain a head-centred egocentric map of space that is driven from either 

sensory input or by long-term memory to represent the locations of landmarks and objects 

that are visible from the navigator’s viewpoint recalled from their previous experience. The 

precuneus is thought to compute this information based on a combination of sensory 

information and the manipulation of this spatial information for the purposes of navigating 

and spatial updating occurs with this ‘parietal window’. Authors posit that for spatial 

updating circuitry within the precuneus is activated by proprioceptive cues signalling a 

change in direction or location. Whereas for mental imagery, the circuit is activated by 

imagined rotations and translations of route planning. Allowing for an internal representation 

of the environment without sensory input. Both egocentric tests of the COT and VST require 

a person-centred mental image of either the clock face or supermarket to successfully provide 

the coordinates of a secondary position when it is out of sight. Given that the ‘BBB’ model 

assumes egocentric representations are transformed to allocentric representations by 

combining head direction with egocentric input from the ‘parietal window’. It is assumed that 

allocentric representations also rely on egocentric input. If indeed, this is true it may explain 

egocentric and allocentric deficits observed in the VCI patients in this thesis. As allocentric 
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as well as egocentric orientation deficits were observed in the VCI patients discussed in 

Chapter 2. As well as the in the VCI case study. RK, in Chapter 3. RK also appeared to have 

reduced integrity to the parietal component of the SLF, potentially indicating   dysfunction in 

PPC circulatory in line with the ‘BBB’ hypothesis. 

 

However, without the accompaniment of MRI analysis for the patients in Chapter two it is 

unclear if the apparent egocentric deficits in VCI are due to a ‘pure’ parietal-modulate 

egocentric deficit or in fact represent dysfunction to path integration processes associated 

with the RSC. The findings of this chapter need to be replicated in a larger patient cohort 

study with greater clinical characterisation of  the neural profile of VCI, given that VCI has 

multiple pathological profiles (Skrobot et al., 2016). Though the neural underpinnings of this 

apparent egocentric deficit in VCI patients is not fully understood, the novel spatial 

orientation tasks mentioned above in this thesis, may be a useful tool for the detection of 

VCI. Their role in the future diagnostic criteria for VCI and at its preclinical stages will be 

discussed in more detail in the upcoming sections.   

 

Egocentric abilities overtime and the neural profile for patient RK 

VCI is the second most prevalent form of dementia, but little is known about the early 

cognitive and neuroimaging markers. Spatial navigation deficits are an emerging marker for 

AD, yet less is known about spatial orientation deficits sensitive to VCI. The case report 

outlined in Chapter three follows up on the first VCI patient identified to have an egocentric 

orientation deficit (Coughlan et al., 2018a). The study aimed to examine the change in the 

patient’s egocentric deficit three years on and gain insights from the addition of the patient’s 

MRI brain scan. A battery of spatial navigation tasks were administered following a 

comprehensive neuropsychological assessment. Results show improvements across cognitive 
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domains but egocentric performance continues to be poorer than controls. RK’s allocentric 

scores are now also inferior to controls, which was not previously observed. Critically, RK’s 

functional decline and brain injury are sensitive to novel spatial tests but go undetected on 

visuospatial measures of neuropsychological assessment. MRI analysis suggest a profile of 

mild stage subcortical ischemic VCI. More sensitive MRI DTI also indicates a potential loss 

of structural integrity to the posterior tracts of the longitudinal superior fasciculus (SLF). This 

may reflect potential reduced network connectivity in posterior to anterior tracts associated 

with spatial orientation deficits. Findings have clinical utility and show spatial orientation as 

a potential sensitive cognitive marker for VCI. Especially, given that reduced WM volumes 

negatively impact cognition and predict VCI onset (Egle et al., 2022).  

 

Interestingly, the deficits observed in RK’s allocentric performance may shed some light on 

the findings observed in VCI patients outlined Chapter two. RK was first diagnosed with VCI 

in March 2017 and spatial testing occurred shortly thereafter. The follow up case study 

outlined in Chapter three took place approximately three years later, which reflects the mean 

disease duration for the VCI patients in Chapter two (three years). This apparent new 

allocentric impairment may represent the overall disease trajectory for VCI, with egocentric 

deficits initially affected and allocentric abilities presenting later, perhaps attributed to an 

overall cognitive decline as the disease progresses. Although, scores on standard 

neuropsychological assessments suggest an overall uplift in RK’s general cognition, his 

primary caregiver reports advancing memory problems and an increased need for daily-living 

assistance. In Chapter three I discuss potential test-retest effects which may mask the true 

profile of RK’s cognitive decline (Aldridge et al., 2017).  
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It is commonly recognised that egocentric and allocentric reference frames use separate 

neurocognitive pathways mediated by different neural structures (Ekstrom & Isham, 2017; 

Hartley et al., 2003; Ladyka-Wojcik & Barense, 2021; Wolbers et al., 2004), but these frames 

can work in parallel with one another (Burgess, 2006). While, egocentric frames can be used 

alone, there is evidence to suggest allocentric representations require the translation of 

sensory and imagery input from transient egocentric representations (Burgess et al., 2001). 

This may explain both egocentric and allocentric deficits observed in RK when using the 

Virtual Supermarket test. In support of this, rodent models of spatial processing suggest 

egocentric sensory information travels through parietal cortex in order to elicit ‘place cell’ 

firing in the hippocampus, which is key to the translation of map based allocentric 

representations (Save et al., 2005), it is also suggested human allocentric map based 

hippocampal representations are driven from inputs from dorsal and ventral visual pathways 

overlapping posterior parietal regions (Byrne et al., 2007).  

 

As such, our results could be viewed in the context of this integrated model of allocentric 

representations, which may explain reduced allocentric performance due to egocentric 

posterior parietal damage in patient RK. In support of this, the demands of allocentric metric 

of the Virtual Supermarket Test require the participant to view a map of the supermarket and 

indicate their current position. As well as medial temporal map-based processing, this may 

also call on visual imagery and short-term spatial memory mediated by medial parietal 

structures (Fletcher et al., 1996; Wallentin et al., 2006) to reconstruct their ‘steps’ taken to 

arrive at the end location. Although, allocentric deficits were not observed when tested using 

SHQ, RK took considerably longer to complete the Wayfinding (allocentric) levels compared 

to controls. As such, the egocentric mechanisms affected in RK could be interfering with the 
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formation of allocentric representations. Future studies in a larger sample of mild to moderate 

VCI patients are required to explore this potential explanation further. 

 

The pathological trajectory for symptomatic VCI is variable (Roman et al., 1993; Skrobot et 

al., 2016; van der Flier et al., 2018). Though the neural profile of RK was assessed using 

FLAIR imaging and visually rated using the Fazekas scale (Fazekas et al., 1987) suggests 

white matter hyperintensities were present to the right hemisphere frontal lobe of the cerebral 

cortex and cerebral white matter, as well as periventricular white matter lesions near the 

lateral ventricles, close to the collosal body and the superior division of the lateral occipital 

cortex, consistent with subcortical ischemic VCI (Dichgans & Leys, 2017). DTI analysis 

using fractional anisotropy (FA) was employed to infer white matter integrity to the SLF, as 

based on our findings in Chapters one and two I hypothesised egocentric deficits may be in 

part due to injury and subsequent of the SLF connectivity (Lowry et al., 2021). Although 

differences did not reach significance, a trend towards significance was strongest for the left 

and right SLF parietal sections.  

 

Neuroimaging studies emphasise the role of medial and posterior partial regions in computing 

egocentric spatial representations (Burgess et al., 2001; Neggers et al., 2006) and research 

examining the application of virtual reality assessing early neurodegeneration suggest 

reduced right hemisphere precuneus volumes are associated with poorer egocentric 

performance (Weniger et al., 2011). These findings are paralleled by our present results and 

may suggest posterior regions of the SLF connecting the parietal-to-frontal structures may be 

implicated in this apparent egocentric decline in spatial orientation observed in RK and our 

previous VCI patient group study (Lowry et al., 2020) 
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The SLF is thought to underlie many cognitive process including processes that exhibit 

control of inhibition processes. The SLF is implicated in visuospatial cognition, attention and 

working memory all of which vital in spatial processing. Critically, the posterior segment 

connects temporal and parietal lobes, specifically the middle and superior temporal gyrus to 

the posteroventral portion of the  inferior and superior parietal lobe (Nakajima et al., 2019). 

Thought to specialise in visuospatial and auditory function, as well as auditory 

comprehension, reading and lexical access (Nakajima et al., 2019). Findings from this case 

study suggest RK indeed presents with spatial orientation problems yet, conventional 

neuropsychological assessments (ACE-III, VOSP and ROCF-copy condition) did not detect 

his deficits. Only when RK was required to freely recall the ROCF did he display difficulties. 

This apparent retrieval dysfunction was also apparent of the free recall components of the 

FCRT. Suggesting potential dysfunction between parietal and temporal cortices implicated in 

the translation of sensory (egocentric) to map-based (allocentric) representations(Save et al., 

2005). If indeed the ‘BBB’ hypothesis (Byrne et al., 2007) is correct, dysfunction in the 

circuitry of parietal structures may be responsible for disruptions of the translation of mental 

imagery and spatial updating from egocentric-parietal  to allocentric-temporal frames. As the 

‘BBB’ model suggests visual and sensory stimulus has to be transformed from egocentric to 

allocentric coded frames, in order to match against or store spatial input within spatial long-

term memory. Therefore, supporting the notion that parietal divisions of the SLF responsible 

for the translation of egocentric spatial may be associated with the presentation of RK’s 

symptoms in not only egocentric frames but spatial memory and free recall process of 

allocentric memory storage.  

 

Executive processes continue to be apparent in RK measured by INECO, and reaction time 

speed is slower on the TMT-part B reflecting more conventional symptomology of VCI 
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(Sachdev et al., 2014) and consistent with FLAIR imaging suggesting RK has white matter 

hyperintensities to the right frontal lobe cortex and cerebral white matter. Though, slowed 

reaction times and processes involved in orientating attention are thought to be underpinned 

by the long-range white matter tracts the SLF and the inferior longitudinal fasciculus (ILF) 

(De Schotten et al., 2011). The IFL connects the occipital and temporal-occipital to anterior 

temporal regions of the brain and is implicated in the transfer of visual perception including 

object and place processing and visual memory (Justen & Herbert, 2018). Perhaps indicating 

network disruptions to frontoparietal and temporal connectivity as executive function, spatial 

orientation and memory are all affected in RK. Especially plausible, since white matter 

hyperintensity (WMH) burden is greatest in the frontal lobe in healthy aging (Hirsiger et al., 

2017), yet processing speed measured by the TMT is most associated with WMH burden to 

parietal regions and white matter volumes of parietal and temporal lobes. Whereas the 

process of task switching is more associated with reduced white matter volumes and WMH 

burden to frontal and parietal regions (Hirsiger et al., 2017).  

 

Most of what we know of brain function derives from patient lesion studies, therefore 

Chapter three’s findings hold useful insight, but the results observed from RK need to be 

replicated in a larger VCI patient cohort study. Egocentric and subsequent allocentric 

impairments in the patient are clear but the associated neural mechanisms still need to be 

understood. As SLF integrity to the right and left parietal portion did not meet the statistically 

significant threshold of  p = <.05. Further to this, the control participants for the follow up 

study are different to those at the time one assessment. Although control participants were 

well matched to RK, for consistently and improved validity the original control participants 

would have been preferential. This was unable to occur as I did not have longitudinal data for 

those participants.  
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Theoretically, RK’s cognitive deficits measured by standard neuropsychological assessments 

and novel spatial test support potential for dysfunction to parietal involvement in processing 

speed and spatial mechanism, namely the translation of egocentric to allocentric 

computations as described by the ‘BBB’ model with potential dysfunction to the ‘parietal 

window’ mechanisms (Byrne et al., 2007), which is also supported by reduced integrity to the 

parietal portion of the SLF. Clinically, our findings come as further support for the use of 

spatial navigation testing in clinical settings, given its sensitivity to WM changes compared to 

traditional neuropsychological assessments (ACE-III and VOSP) which did not detect 

visuospatial impairments or place RK at the clinical thresholds for dementia. Spatial 

navigation may also be useful tool to track VCI trajectories. The exploration of the use of 

spatial navigation as a tool to detect preclinical VCI individuals is discussed below.  

 

The latency of the P300 component is sensitive to preclinical VCI 

Our findings discussed in Chapter four show the P300 novelty latency as a potential marker 

of preclinical VCI. As the novelty P300 is thought to reflect a conscious, evaluative aspect of 

the orientating response (Cycowicz & Friedman, 1998; Näätänen, 1990), underpinned by 

functional interactions within the frontoparietal attentional network (Ptak, 2012; Szczepanski 

et al., 2013; Vossel et al., 2014),these findings build support for the notion proposed in 

Chapter one that frontoparietal dysfunction may be at play in VCI pathology.  

 

According to ‘context updating theory’ (Polich, 2003), the subcomponent P3a is an earlier 

‘novelty’ response that occurs when the stimulus is nonrepeating and unexpected which is 

generated from frontal regions, whereas the P3b is a later ‘updating response’ that occurs 

when stimulus is repeating and occurs over parietal generators (see, Figure 20).  
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Figure 20. P300 Context Updating Theory modified version of Polich (2007). 

 
As such, the use of the oddball paradigm and subsequent P300 response appears to be a 

strong proxy for the measurement of frontal-to-parietal interactions. Frontal lobe activations 

(P3a) are thought to reflect the attentional focus required by task performance, which is 

required to engage for the detection of rare or novel stimuli. This novelty P300 response is 

related to changes in anterior cingulate when incoming stimuli replace the contents of 

working memory (Desimone et al., 1995). When a novel stimulus evokes frontal lobe 

attention then attentional resources are allocated for subsequent memory updating after this 

initial evaluative process. Then parietal/ temporal regions are evoked to relay the change and 

update our working model of the task (P3b). The model suggests neuroelectric events that 

underlie the P300 stem from the interaction of frontal lobe and hippocampal/ temporal – 

parietal function. This suggests that after initial sensory processing, an attention driven 

comparison takes place in working memory to compare previous and current stimulus, only if 

change is detected (either target or novel stimulus) a P300 occurs.  
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ERP Latency is thought to index the classification speed  which reflects the time required to 

detect and process a target item (Kutas et al., 1977). As such, the P300 latency is thought to 

be linked to mental speed and act as a proxy for cognitive abilities, with fast response related 

to superior abilities (Pelosi et al., 1992). Peak latency increases with healthy aging (Fjell & 

Walhovd, 2001). Cognitive decline in dementia has also been shown to prolong the P300 

latency (Rossini et al., 2007). Evidence from a meta-analysis exploring the utility of the 

auditory P300 latency component in MCI indicates latencies from approximately 337ms to 

423ms (see, Howe et al., 2014). Results from Chapter four for the CVR+ group indicate a 

latency of 408.3ms which is consistent with this. Interestingly and consistent with our 

findings for CVR+ individuals, Howe et al (2014) also found the largest size effects occurred 

at the Pz electrode for MCI and AD individuals, leading authors to suggest future studies 

comparing patient groups and healthy controls may want to solely focus on this electrode for 

greater differentiation (Howe et al., 2014).  

 

P300 latency response and egocentric decline in preclinical VCI 

The findings discussed in Chapter four also suggest an egocentric deficit in VCI risk 

individuals detected by Sea Hero Quest. Taking these findings along with the slowing of the 

P300 latency, there are some explanations which point towards shared underling dysfunction 

to cognitive and neural mechanisms. First, focal attention is required for effective stimulus 

evaluation during both Sea Hero Quest and the Oddball task. Stimulus evaluation is also 

crucial in the guidance of spatial attention (to focus in on and evaluate the given 

environment) and both of these processes are thought to be underpinned by a prefrontal-

parietal network (Corbetta et al., 2008) and are important for working memory processing. 

The ability to hold information in mind for the future is critical for goal directed behaviour 

such as spatial orientation. For visual imagery to support route planning and subsequent 
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navigation, working memory is used to temporality hold and manipulate spatial information. 

We know egocentric processing is mediated by a network that includes frontal structures 

(Arnold et al., 2014; Goodale & Milner, 1992) associated with working memory processes. 

Prefrontal lesions have also shown fragility to egocentric processing when allocentric 

performance goes unaffected (Semmes et al., 1963). Medial frontal cortex also subserves 

egocentric processes such as ‘value’ judgements (Seitz et al., 2009) critical for the self-

control of action. These inhibitory processes are clearly associated with attentional 

mechanisms involved in the processing of task relevant information in the P300 oddball task 

and needed for the working memory processes involved in egocentric orientation. Therefore, 

as our results indicate, egocentric orientation and the novelty P300 response may overlap 

some cognitive domains as well as neural components.   

 

Second, according to ‘context updating theory’ (Polich, 2007) the P300 response is heavily 

dependent on working memory which is underpinned by right frontal regions (Geula et al., 

2017). Some accounts also suggest working memory is a vital component in egocentric 

orientation (Mallot & Basten, 2009), acting as a tool to temporarily store sensory information 

and integrate these with spatial and route memories retrieved from longer-term 

representations. There is some evidence from animal studies which suggests working 

memory is thought to be implicated in simple path integration, route planning and object 

permeance processes from an egocentric perspective (Mallot & Basten, 2009). Hierarchical 

theories of spatial representations (Wiener & Mallot, 2003) suggest spatial memory consists 

of many different structures according to one’s subjective perception and the physical 

properties of the environment which form together and create superordinate entities in graph-

like representants of the space. As such, to effectively navigate tight integration between 

spatial referencing and working memory is required (Wiener & Mallot, 2003). The results 
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shown in Chapter four indicate dysfunction to the neural mechanisms involved in attention 

and stimulus evaluation as well as working memory and context updating which appear to be 

implicated in the disruption of P300 and egocentric performance for at VCI risk individuals.   

 

Limitations 

Limitations are discussed in each chapter, however what follows is the methodological 

shortfalls across the thesis and recommended improvements for future testing.  

 

Effect size 

When considering the implications of the findings from the thesis the sensitivity and 

selectivity of spatial navigation in detecting VCI pathology, it is important to consider the 

effect sizes associated with these findings. For clarity, in Chapter two and four effect sizes 

were computed using partial eta-squared and interpreted as; ηp
2 = 0.01 indicates a small 

effect, ηp
2 = 0.06 indicates a medium effect and ηp

2 = 0.14 indicates a large effect (Cohen, 

1988). In Chapter three, effect size was calculated using Crawford and Howell’s (1998) 

modified paired sample t-test resulting in a Z-case-control (Zcc) score as an interval estimate 

of the effect size, comparable with Cohen’s d; 0.2 = small, 0.5 =  medium, 0.8 = large effect 

sizes (Cohen. 1988).  

 

Findings from Chapter two and three indicate egocentric deficits in VCI patients appear to be 

most sensitive to the clock orientation test (COT) (Chapter two; effect size; ηp
2 = .44, Chapter 

three Zcc = -3.48), compared to the VST (effect size; Chapter two ηp
2 = 1.48, Chapter three 

Zcc 
 = 2.33), and hence should be preferential when designing future studies to assess 

egocentric abilities in VCI patients.  Whereas results from Chapter four indicate that the P300 

latency for novelty stimulus showed the greatest effect size for identifying cardiovascular risk 
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individuals (CVR+) (ηp
2 = .41). Sea Hero Quest transpired to be the only test of spatial 

navigation able to detect CVR+ individuals although these effect sizes were smaller 

(accuracy, ηp
2 = .21, duration ηp

2 =.2), which is indeed supported by ROC analysis indicating 

the P300 latency as the strongest predictor of correct group allocation between CVR+ and 

healthy controls. Our results suggest that the fine-tuned parameters of the 

electrophysiological response and SHQ tasks is sensitive to the prodromal stages VCI.  

However, the efficacy of SHQ to detect symptomatic VCI requires further investigation in 

larger patient cohort studies as SHQ was not used as an outcome measure in Chapter two. 

Therefore, further studies are required to validate SHQ as a sensitive tool to detect 

established VCI. Chapter three highlights the usefulness of SHQ to detect egocentric deficits 

in case study RK (Zcc
 = -1.94), but effect sizes remain strongest for the Clock Orientation test 

(Zcc = 3.48). Future studies with larger patient cohort sizes need to validate sensitivity and 

selectivity of SHQ in VCI patients.  

 

For the DTI MRI results in Chapter three, the extent to which reduced FA to the SLF informs 

egocentric deficits in VCI is unclear.  Reduced FA volumes to the left and right hemisphere 

SLF-parietal had strong effect sizes (Zcc = -1.73 and Zcc = -1.65 respectively), yet results did 

not reach significance. Therefore, it is important to substantiate this in a larger sample of VCI 

patients before links can be established.   

 

Baseline group differences 

In Chapter three, it is also important to consider the implications of having different control 

participants from time one to time two. There are large variations in performance for the 

control groups, with the controls at time two scoring worse on the spatial tasks than the 

controls at time one (see, Appendix A). This confound is difficult to explain, although we 
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know as age increases spatial abilities become poorer (Gazova et al., 2013; Li & King, 2019). 

The mean age at time one was 63 years old (SD = 4.8), compared to the mean age of 67.79 

years old (SD = 3.17) at time two. Suggesting the controls at time two were better matched to 

RK’s age and therefore may show greater integrity for comparison of RK’s performance than 

scores at time one. Yet, this shortcoming remains to reduce consistency overall when 

comparing time one to time two experiments. 

 

In Chapter four, although not significant at the p  <.05 threshold,  the CVR+ group had higher 

educational attainment than the control group, potentially masking any changes to cognitive 

abilities, given that educational attainment is widely considered protective against cognitive 

decline (Vanenzuela & Sachdev, 2006), though some accounts now suggest the impact of 

education on later life cognition is negligible (Seblova et al., 2020). A larger sample for each 

cohort would reduce potential confounds. In addition, the control group contained fewer 

males than females, although sex was a covariate in the analysis, future studies may wish to 

consider a more even representation of males to correct any potential confounds. This would 

also allow for sex disaggregated data, which is important given gender specific differences in 

cardiovascular diseases (Jochmann et al., 2005). 

 

Test re-test effects 

In Chapter three, the variability in RK’s cognition from time one to time two appears to 

demonstrate a level of recovery in his cognitive and spatial abilities. This may represent the 

test re-test effects of the methods used. The reliability of the VST has been validated (see, 

Coughlan et al., 2020), however the reliability of COT and SHQ have not. Future studies may 

wish to consider adding a broader battery of cognitive and spatial assessments to counter 

practice effects.  
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Study design 

The cross-sectional nature of the research discussed in chapters two and four are 

methodological limitations of this thesis. Much of the research in the field of identifying early 

cognitive and biological markers of dementia is focused on large scale longitudinal cohort 

studies (see, Chapter one, Table 2). The advantage of this design allows participant follow-up 

over time to track changes in cognition and associated risk factors over the life course. Due to 

the extenuating circumstances of the pandemic, the study outlined in Chapter four was unable 

offer a later follow-up session, as previously set out in our protocol approved by the UEA 

ethics committee. Future research examining spatial navigation, cognition and cardiovascular 

risk would benefit from a longitudinal design. 

 

In terms of the methods used in this thesis, evidence suggests virtual reality by way of 

immersive and screen-based tools offers many advantages in for testing spatial navigation 

abilities. Virtual reality tasked used to assess spatial navigation are shown to have ecological 

validity and is more cost effective, quicker and safer to administer than real-world navigation.  

Coutrot et al., (2019) reports strong correlations between SHQ and real-world spatial 

abilities. However, it is unclear how the results from VST and COT translate to real-world 

navigation in terms of likelihood of getting lost. The accompaniment of real-world techniques 

such as GPS tracking of navigational patterns (see, Pot et al., 2012; Puthusseryppady et al., 

2022), would enhance our understanding of the applied nature of this line of enquiry. 

 

Recruitment 

The patient’s described in Chapter’s two and three were recruited from an existing database 

and actively wished to participate in dementia studies. This could present a self-selection bias 
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(Heckmen, 2010), given that this sample is able to complete the experimental task, give 

informed consent and demonstrate a reasonable degree of functioning. This may distort the 

inferability of the sample in these studies to the population. To improve the sampling strategy 

the study described in Chapter four, recruited entirely new participants from outside of our 

existing databases using local groups on Facebook. Most of these participants reported never 

having been involved in research prior, enhancing the overall representation of the sample to 

reflect the population. An increased sample size in Chapter four would have also been 

preferential to allow more detailed statistical analysis. The use of multi-level modelling 

would have been insightful to demonstrate the VCI risk factors most sensitive to the 

experimental measures. Given that elevated blood pressure in midlife is consistently linked to 

changes in brain structure, specifically white matter hyperintensities (Wartolowska et al., 

2021; Jiang et al., 2022). Whereas other risk factors such has high cholesterol have a less 

substantive evidence base.  

 

Implications  

From a theoretical perspective, the work in this thesis addresses current limitations and gaps 

in the VCI literature. Major risk factors for VCI relate to modifiable factors that affect the 

vascular and metabolic system. Hypertension, obesity, diabetes, high cholesterol and a lack of 

physical exercise contribute to an increased risk of developing dementia (Van Der Flier et al., 

2018). Evidence from longitudinal observational studies suggest that the effect of the specific 

risk factors largely depend on age, with hypertension, obesity and hypercholesterolaemia 

having the most destructive impact in mid-life (<65yrs) (Solomon et al., 2014).  Yet, it is 

highlighted in Chapter one that very little is known about the specific cognitive correlates of 

the disease and even less of the preclinical cognitive and neuroimaging profile of VCI.  
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The findings from our literature review (Lowry et al., 2021) outlined in Chapter one suggest 

that midlife risk factors are associated with insidious changes to cognition and 

neuroanatomical function. In Chapter two the work here begins to explore this further. 

Findings highlighted that indeed, egocentric deficits were able to distinguish VCI from AD 

patients. Showing the usefulness of spatial testing compared to many standardised cognitive 

assessments to distinguish between pathologies. To our knowledge, this is the first study to 

demonstrate this in VCI patients, which aids the overall diagnostic accuracy of VCI. An 

additional strength of this research is that spatial navigation is a human process used in 

everyday life compared to conventional cognitive assessments which can be influenced by 

culture, language and literacy (Ardila, 2005). The use of VR tasks set in ecological 

environments, such as a supermarket, may have great implications for overcoming 

educational barriers in the detection of cognitive decline. This is particularly relevant, given 

the estimated growth of dementia incidence in developing countries (Prince et al., 2013) and 

may compliment the emerging literature employing novel techniques to address this barrier 

and provide greater specificity in diagnostic testing in these populations (see, Crombie et al., 

2022).  

 

Chapter three provides an in-depth study of the VCI patient RK. Adding to our understanding 

of symptomatic VCI and the variability of symptoms throughout the disease course. Findings 

may indicate the utility of spatial navigation for disease monitoring and could be of benefit to 

track rehabilitation in brain injury with a level of recovery, such as stroke. Importantly, 

spatial navigation may help inform disease state in VCI, particularly WM volumes in fronto-

parietal pathways. The link between egocentric orientation and the SLF requires further 
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inquiry, but this study lays the foundation for potential theoretical and clinical advancements 

in understanding white matter degeneration and the cognitive impact. 

 

Finally, Chapter four built on the knowledge gained in previous chapters and demonstrated 

that midlife high cardiovascular risk individuals had reduced egocentric accuracy and 

increased processing speed measured by SHQ. High risk individuals also had greater P300 

novelty latencies over parietal neural generators compared to healthy controls. To our 

knowledge this is the first study to demonstrate egocentric orientation as a potential marker of 

preclinical VCI. Implications of which are discussed in the terms of future directions below. 

 

Given our findings, it is critical that tests assessing spatial navigation and associated neural 

anatomy are included in future cardiovascular risk diagnostic and treatment studies. The 

majority of this research area is dominated by large scale multidomain trial longitudinal 

studies (Ngandu et al., 2015; Rosenberg et al., 2020; van Charante et al., 2016),  but, as this 

thesis highlights, the benefit of more detailed patient cohort studies is apparent and much is 

yet to be learned from clinical case studies. The introduction of novel spatial testing is 

emerging in Alzheimer’s disease research (Ritchie et al., 2016; K. Ritchie et al., 2010) and 

findings from this thesis suggests it would be beneficial to adopt a similar approach in VCI 

and cardiovascular risk studies. It would be prudent to use these novel tests in tandem with 

standardised neuropsychological tests recommended for the screening of VCI (see, Sachdev 

et al., 2014), until evidence amasses to suggest spatial navigation tools detect VCI pathology 

earlier than tests of executive function and processing speed.  

 

The neurocognitive processes involved in spatial navigation and specifically the spatial tasks 

used throughout this thesis have been discussed at length in each chapter and above when 
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considering spatial navigation and symptomatic VCI. Indicating parietal involvement acts as 

a ’hub’ for the integration of egocentric information (Byrne et al., 2007; Cavina-Pratesi et al., 

2018; Desmurget et al., 1999; Meek et al., 2013). The results from chapter four suggest 

indeed, egocentric processing when measured using SHQ is impaired and risk individuals 

took longer to orientate themselves throughout the egocentric task compared to healthy 

controls. The electrophysiological response measured by the P300 component dovetails with 

this finding and suggests longer latencies over the parietal neural generator. To synthesise 

these findings theoretical models of ‘context updating’ are discussed along with the P300 

novelty response reflecting an evaluative aspect of the orientating response, particularly 

relevant to spatial cognition.  

 

Future Directions 

This thesis offers a rationale for the further investigation into how spatial navigation, P300 

response, symptomatic VCI and preclinical VCI relate. Spatial orientation and the neural 

correlates seem to suggest a network model of frontoparietal processing with some 

involvement from RSC and medial temporal structures in VCI. Attentional processes also 

seem to be implicated demonstrated by dysfunction to P300 latencies for novel stimulus. 

These results taken in the context of findings from the above Chapters appear to present a 

profile of frontoparietal disruptions with some RSC medial temporal interaction in 

symptomatic and preclinical VCI. Therefore, tests that tap into these structures like that of 

SHQ, Virtual Supermarket, Clock Orientation Test and the oddball task may pose clinical 

utility for the identification and tracking of VCI pathology. 

 

Although, more research is required in both symptomatic and preclinical VCI, novel spatial 

testing may prove to be a valuable tool for the screening of cognitive decline. If the findings 
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of this thesis are substantiated by a further body of evidence, the use of novel app-based 

spatial orientation tools may be beneficial in clinical practice. Especially given, that VCI risk 

factors are largely modifiable (van der Flier et al., 2018). Cognitive screening using the 

spatial tasks could take place at routine ‘NHS Health Check’s’ for those with high 

cardiovascular risk factors.  As cardiovascular risks in midlife are most damaging to 

cognition in later life, tracking cognition using tools sensitive to the preclinical symptoms of 

cognitive decline alongside precautionary health checks is critical. The use of novel spatial 

orientation testing could help to identify and track symptoms or act as a motivation to change 

health behaviours, pursue healthier lifestyle options and enhance compliance to medical 

management. Particularly as the link between modifiable risk factors, midlife health and 

dementia is clear.   

 

The clinical utility of EEG and the P300 response is less accessible, due to the equipment 

cost and training and needed to operationalise this method of neuroimaging. However, 

promising developments are being made to establish event related potentials as biomarkers of 

cognitive performance in individuals with cardiovascular risk factors in large scale cohort 

studies (Marin et al., 2022).  Though EEG is a tool employed for the evaluation of people 

with epilepsy and is used in both hospital and clinical settings, the low spatial resolution and 

diagnostic yield in detecting dysfunction in more medial brain regions is less effective 

(Tatum et al., 2018). The use of source localisation in EEG is thought to enhance this 

detection. However, MRI DTI analysis as used in Chapter three would be preferential to 

substantiate dysfunction to the SLF and frontoparietal networks in symptomatic and 

preclinical VCI.  Especially since microstructural changes in WM volumes are associated 

with executive function and general cognitive abilities (Williams et al., 2019) and are highly 
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related to processing speed (Lawrence et al., 2014) – cognitive attributes associated with 

Oddball and spatial paradigms.  

 

Future questions motivated from this thesis include 1) Can egocentric orientation be used to 

discriminate VCI from other dementias such as; Posterior Cortical Atrophy, Lewy Body 

Dementia...?  2) Can egocentric orientation tasks detect white matter volume loss and is this 

focused to the parietal segments of the SLF? 3) Are there specific VCI risk factors that are 

more sensitive to the P300 latency and egocentric orientation? 

 

Conclusions 

The key finding from this research suggest that egocentric spatial navigation appears to be 

sensitive and selective to symptomatic VCI. These apparent egocentric deficits also appear in 

cardiovascular risk individuals in midlife.  These findings require replication in larger cohort 

studies, but provide a platform, for future studies to investigate spatial navigation in 

symptomatic and preclinical VCI. The model proposed in Chapter one and reiterated at the 

start of this discussion concerning dysfunction between frontoparietal pathways as an early 

marker of VCI will provide further theoretical insight into the problem of profiling such a 

heterogenous disease at its symptomatic stages and potentially help build a profile of 

cognitive and neuroimaging factors of high-risk individuals. 
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 Appendices  

Appendix A. Data refereeing to Chapter three. Total scores, standard deviations (SD), Z-case 

control (Zcc) scores, confidence intervals from a modified paired samples t-test for patient 

and control group on the Spatial Battery at Time 1. 

        

 
+The statue test was used at time 1 but not at time 2.  
 
 
 
Appendix B. Chapter four ANCOVA output for the Clock Orientation Test (COT). 

  CVR+ HC F P ηp
2 

Total score  10.16(1.24) 10.45(1.43) 0.21 0.67 0.004 

RT 48.58 (41.24) 39.4(24.5) 0.21 0.71 0.004 

 
 
 
 
Appendix C. Chapter four ANCOVA output for the Virtual Supermarket Test (VST).  

  CVR+ HC F P ηp
2 

Egocentric  8.29(3.43) 8.25(2.61) 3.1 0.09 0.07 

Allocentric 203.79(75.78) 191.87(64.08) 1.58 .22 0.04 

Heading  10(2.73) 11.1(2.1) 2.23 0.14 0.05 

 
 
 
 
 
 
 
 

Measure Condition Patient 
Score 

Control 
sample 
mean 
(n=14) 

SD t-value p value  size 
effects(Z_cc) 95% CI 

Virtual Supermarket Test  
Egocentric 4* 12.9 0.9 -9.529 <0.001 -9.889 -13.83 to -

5.95 
Allocentric 1.5 8.1 3.2 -0.201 NS -0.206 -3.03 to -1.07 
Heading 6* 12.5 2.1 -2.983 <0.01 -3.095 -4.42 to -1.75 

The Clock Test 
Cardinal 1* 3.9 0.9 -3.105 <0.01 -3.222 -4.59 to -1.83 
Right Angel 1* 3.6 0.6 -4.176 <0.001 -4.333 -6.12 to -2.53 
Mixed  1 3.9 1.7 -1.644 NS -1.706 -2.56 to -0.83  
Total 3* 11 2.6 -2.965 0.01 -3.077 -4.4 to -1.74 

Statue Test Wall easy 4 4 0 0 NS -3.077 -0.54 to 0.54   
Wall 
medium 1* 2.6 0.5 -3.085 0.01 -3.16 -4.51 to 1.79 

 
Wall hard 0 0.3 0.6 0 NS 0 -1.08 to 0.09  
Stool easy 0 3.7 0.4 -0.723 NS -0.75 0.12 to 1.36  
Stool 
medium  4* 2.2 0.8 -0.482 0.02 -2.687 -3.87 to -1.48 

  Stool hard 2 0.2 0.6 -0.482 NS 0.5  -1.07 to 0.09 
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Appendix D. Chapter four ANCOVA output for all Sea Hero Quest Levels (SHQ). 

 Level   CVR+ HC F P ηp
2 

L14 Accuracy  2.67 (.48) 3 5.22 0.03 0.21 

 Duration 37.35(14.3) 28.06(5.41) 6.24 0.018 0.2 

L19 Accuracy  2.79(.5) 3 0.54 0.46 0.01 

 Duration 38.5 (17.62) 35 (6.03) 2.45 0.12 0.07 

L24 Accuracy  2.08 (.88) 1.88(.92) 2.84 0.1 0.07 

 Duration 38.07(5.24) 36.9(5.74) 0.01 0.92 0 

L34 Accuracy  2.25(.89) 1.94(.76) 1.25 0.27 0.03 

 Duration 44.78(17.7) 44.23(16.58) 0.94 0.38 0.03 

L6 Distance 304.86(14.96) 308.47(18.32) 0.05 0.82 0.002 

 Duration 26.16(3.96) 28.46(7.3) 0.62 0.43 0.02 

L8 Distance 1410(907) 957(587) 0.04 0.83 0.001 

 Duration 169.83(123.98) 113.63(101.01) 0.01 0.92 0 

L11 Distance 1281(954.1) 1031(700.2) 1.27 0.26 0.04 

  Duration 129.57(110.55) 102.23(99.1) 1 0.32 0.03 

L, level  
 
 
 


