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A B S T R A C T   

Vascular cognitive impairment (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 Alzheimer’s 
disease (AD), yet less is known about spatial orientation deficits sensitive to VCI. This case report follows up on 
the first VCI patient identified to have an egocentric orientation deficit. The study aimed to examine the patient’s 
spatial deficits 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 neuropsychological assessment. Results continue to show 
spatial orientation deficits. Critically, these changes appear stable and are sensitive to novel spatial tests. 
Whereas conventional screening tools demonstrate patient recovery. MRI DTI analysis indicates a non-significant 
trend towards loss of structural integrity to the posterior tracts of the longitudinal superior fasciculus (SLF), while 
the medial temporal lobe, typically implicated in spatial navigation, is unaffected. This finding potentially re
flects reduced network connectivity in posterior to anterior white matter tracts co-existing with spatial orien
tation deficits. Findings have clinical utility and show spatial orientation as a potential sensitive cognitive marker 
for VCI.   

1. Introduction 

Vascular cognitive impairment (VCI) is thought to account for at 
least 20% of the clinical population affected by dementia [1], second in 
prevalence only to Alzheimer’s disease [2]. Despite this, the cognitive 
features specific to VCI are still being explored. Multidomain impair
ments are apparent but executive dysfunction is most frequently asso
ciated with the condition [3]. This cognitive heterogeneity is likely due 
to the diverse nature of VCI, ranging from microinfarcts to white matter 
hyperintensities (WMH) [4–6]. Microinfarcts in particular can affect 
several cortical and subcortical regions [7], 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 [8–10]. 

The Superior longitudinal fasciculus (SLF) is a major white matter 
pathway in the brain, connecting frontal and parietal brain regions. We 
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 [11]. Changes 
to the way we navigate can be a key marker for neurodegeneration [12, 

13]. Fronto-parietal mediated egocentric orientation 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 [14]. Both are required for everyday 
navigation with egocentric and allocentric processes shifting in response 
to navigational demands [15]. 

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 Alzheimer’s disease [16], though see 
[17]. 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 and heading direction deficits [18]. 
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Here, we now present the follow-up assessment of RK, along with SLF 
neuroimaging, to determine if egocentric spatial orientation deficits 
exist in RK after a three-year period and how they relate to WMH to the 
SLF. This will inform how consistent spatial orientation changes are in 
VCI and explore how they relate to the underlying brain integrity. The 
study aims to inform future cognitive diagnostic and treatment outcome 
measures for VCI. 

2. Method 

2.1. Participant 

We previously reported the case of RK, a now 67-year-old married 
man, with six years of secondary education (12 years of education total). 
RK received a diagnosis of vascular dementia (aka VCI) in March 2017 at 
our dementia research clinic. Diagnosis was classified by a consultant at 
the Norfolk and Suffolk Foundation Trust by interviewing the patient, 
patients medical history, examining neuropsychological assessment 
scores and clinical CT scan which met the diagnostic criteria for vascular 
dementia (VCI) [19]. His medical history included hyper
cholesterolaemia, stage 2 hypertension, an elevated BMI, life-long 
cigarette smoking, as well as a strong family history of hyper
cholesterolaemia and heart disease. RK and his care-giver report 
advancing memory problems and an increased need for daily-living 
assistance from time 1 (t1) to time 2 (t2), although he remains inde
pendent in leaving the house to walk to the local shop daily (see, Table 1 
for changes in physical characteristics from time 1 to time 2). We have 
compared new case control participants as time 2 follow up data was 
unavailable from the original cohort. The new case controls (N = 14) 
were recruited from the local community and had a mean age of 67.79 
(SD = 3.17), nine males and five females. Their cardiovascular health 
indicative of VCI pathology, was assessed using QRisk®3–2018 [20] to 
calculate their cardiovascular disease risk (heart attack or stroke in the 
next 10 years), all controls had a score of <10%. The controls underwent 
a battery of cognitive tests (see, Table 2) and demonstrated healthy 
cognitive function. 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. 

2.2. Procedure 

RK underwent initial cognitive assessment (including neuropsy
chology and spatial navigation) in March 2017. Findings from this 
assessment were previously published [18]. RK received an anatomical 
and diffusion weighted brain scan in August 2019 as part of a longitu
dinal 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) (time 2 in Table. 2). 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 
30 cms from the screen which was situated flat on a desk in front of 
them. MRI scanning took place by radiologists at the Norfolk and Nor
wich University Hospital. Tests were administered in the same order for 
each participant and breaks were given as requested. Testing sessions 
took approximately 1 h to complete. 

2.3. Tasks 

2.3.1. Cognitive screening 
RK underwent neuropsychological screening, including; Adden

brooke’s cognitive examination (ACE-III) [21] (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 [22], Cube 
Analysis, Dot Counting and Position Discrimination from the Visual 
Object and Space Perception Battery (VOSP) [23], Free and Cued Se
lective Reminding Test (FCSRT) [24], INECO Frontal Screen Test [25] 
and the Trail Making Test (TMT) part A and part B [26] (see, Table 2). 
Controls underwent neuropsychological screening using; ACE-III, RCFT 
and TMT. 

2.3.2. The virtual supermarket test 
RK and controls underwent spatial testing using the Virtual Super

market Test (VST). The VST has been developed by our group previously 
and used in symptomatic mild cognitive impairment (MCI), AD, fron
totemporal dementia (FTD) and VCI patients [16,18,27,28]. 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 re
sponses. VST trials [1–14] in both versions were identical (see, Fig. 1. 
A-C). At t1 a paper version of the supermarket was used to record re
sponses (identical to that shown in Fig. 1D-F), which has now been 
automated. The task consists of 14 trials and takes approximately 15 min 
to complete. An iPad 9.7 (Apple Inc.,) was used to show participants 

Abbreviations 

AD Alzheimer’s disease; 
VCI vascular cognitive impairment; 
SLF superior longitudinal fasciculus; 
MRI magnetic resonance imaging; 
DTI diffusion tensor imaging, 
FA fractional anisotropy  

Table 1 
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 40 mg, Bendroflumethiazide 2.5 mg, 
Clopidogrel 75 mg, Losartan 100mg 

Simvastatin 40 mg, Bendroflumethiazide 2.5 mg, Bisoprolol 1.25 mg, Clopidogrel 75 
mg, Losartan 100 mg, Levothyroxine 100 mg, Finasteride 5mg 

+3 

*For patient change + represents increase and - represents decrease. 
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20–40 s video clips of a moving shopping trolley in the virtual super
market. Before the trials begin players are required to demonstrate they 
can successfully follow the instructions and use the commands during 
three test runs before being permitted to play. 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 
[29–31] 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. 

2.3.3. The clock orientation test 
RK and controls underwent spatial testing using the Clock Orienta

tion Test (COT). The COT has also been developed by our lab [16,18] 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 min to complete. 

2.3.4. 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 [32] and has been shown to differentiate egocentric and allo
centric frames of reference, exhibiting selective ‘wayfinding’ allocentric 
deficits in prodromal Alzheimer’s disease [33]. SHQ goal-orientated 
wayfinding (allocentric) levels 6, 8 and 11 were selected due to their 
previous sensitivity to identifying pre-clinical AD [34]. 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 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 land
scape 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 (egocen
tric) 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 di
rection they are facing after the rotation. Depending on their perfor
mance, players receive one, two, or three stars (Fig. 2). 

2.4. MRI acquisition 

MRI data was obtained from RK and controls using a 3 tesla Dis
covery 750 w 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 
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; ac
quired matrix ¼ 256   256; 200 sagittal sections of 1 mm thickness; 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 = 2000s/mm2, four images without diffusion-weighting, b 

Table 2 
Patient v Control’s Neuropsychological Assessment 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. Patients raw scores are reported and mean scores for controls. 
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= 0 s/mm2, subsequently referred to as b0 images) scans were acquired 
for all participants. MRIs were screened by a consultant neurologists and 
analysed using FSL (v6.0.0) and Freesurfer (v11.4.2) software. 

2.5. White matter hyperintensities, infarcts and perivascular space 

The Fazekas scale [35] was used to quantify the amount of white 
matter T2 hyperintense lesions in RK as it is the most widely used system 
for describing white matter disease severity in publications. 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 hyper
intensities (0–3), PV (periventricular hyperintensities)= 0 (absence), 1 
("caps" or pencil-thin lining), 2 (smooth "halo"), or 3 (irregular PV 
extending into the deep white matter), and WM (white matter hyper
intensities) = 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. 

2.6. TRActs constrained by under lying 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 partic
ular, we used the first b0image as a reference for co-registration of 
subsequent b0 images (FSL FLIRT [36]). 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 infor
mation was adjusted accordingly [37]. Subsequently the data was pro
cessed 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 
[36] 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 

Fig. 1. 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 (1A-C). Once the video clip stops, participants indicate in real- 
life the direction of their starting point (egocentric orientation; 1D). In a second step, participants indicate their finishing location on a birds-eye view map of the 
supermarket (allocentric orientation; 1E). Lastly, participants are asked to indicate which direction they were facing at the finishing location (heading direction; 1F). 
Participants indicate their responses by taping their response location on the screen. 

Fig. 2. SHQ Wayfinding (allocentric) and Flare Accuracy (egocentric) levels.  
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diffusion space. TRACULA’s default tensor fitting and tract reconstruc
tion 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 recon
struction for temporal and parietal divisions of the superior longitudinal 
fasciculus as per standard TRACULA segmentation (using global prob
abilistic 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. Regions of interest consisted of the SLF as well as medial 
temporal lobe and entorhinal cortex volume to discount Alzheimer’s 
disease pathology. 

2.7. 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 Howell’s (1998) 
modified paired sample t-test [38] resulting in a Z-case-control (Zcc) 
score as an interval estimate of the effect size. Two-tailed p values are 
reported. 

3. Results 

3.1. 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 rela
tively stable from time 1 to time 2 (see Table 2). 

3.2. 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 3). 

3.3. MRI analysis 

3.3.1. 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 Fig. 3). The Fazekas scale was used to assess severity of 
WMH [35]. 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). 

3.3.2. White matter differences 
The SLF diffusion properties were assessed using mean fractional 

anisotropy (FA) and divided into four parameters right hemisphere su
perior longitudinal fasciculus parietal (rh SLFP); left hemisphere supe
rior longitudinal fasciculus parietal (lh SLFP); right hemisphere superior 
longitudinal fasciculus temporal (rh SLFT); left hemisphere superior 
longitudinal fasciculus temporal (rh 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, Fig. 4). 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) (see, Table 4). No changes were 
reported to medial temporal lobe and entorhinal cortex volumes (p >
0.05). 

4. Discussion 

The current case report replicates our previous findings in showing 
egocentric spatial orientation deficits in VCI. More importantly, we 
demonstrate that spatial orientation deficits persist while other cogni
tive scores show no changes or even improvement over time. At the same 
time, spatial orientation deficits appear to co-exist 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 may 
appear linked to 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 and FCSRT 
(see, Appendix. B). Although, the uplift in scores may be due to test re- 
test effects which are a common problem in neuropsychological 

Table 3 
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 values represents a two-tailed prob
ability that case score differs from controls. 
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assessment [39]. It is important to consider changes in RK’s medical 
management. Since t1, RK’s hypothyroidism is being medically 
managed which may explain an uplift in his cognitive abilities as hy
pothyroidism has been associated with deficits to memory and executive 
function which is reversible with effective treatment [40]. 

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 

Fig. 3. 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 colossal 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. 

Fig. 4. SLF parietal division RK and controls FA mean score.  

Table 4 
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 longi
tudinal 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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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 con
trols at t1 (see, Appendix. A). This confound is difficult to explain, 
although we know as age increases spatial abilities become poorer [41, 
42]. The mean age at t1 was 63 years old (SD = 4.8), compared to the 
mean age of 67.79 years old (SD = 3.17) at t2. Suggesting the controls at 
t2 were better matched to RK’s age and therefore may show greater 
integrity for comparison of RK’s performance than scores at time one. 

In sum, it appears RK’s spatial impairments are apparent in both 
egocentric and allocentric spatial frames. This finding is consistent with 
recent evidence suggesting reduced spatial orientation performance in 
the in prodromal individuals predicts dementia onset in multiple de
mentia sub-types (VCI, AD, Lewy body dementia, frontotemporal de
mentia) [13]. Critically, in this study egocentric and allocentric changes 
were detected using novel spatial testing and were undetected when 
using standard neuropsychological assessments specifically targeting 
spatial processing when comparing RK’s scores from t1 to t2 (see, 
Table 2). Perhaps due to the greater sensitivity than pen and paper 
testing, as well as strong test-retest reliability [43]. 

It is commonly recognised that egocentric and allocentric reference 
frames use separate neurocognitive pathways mediated by different 
neural structures [44–47], but these frames can work in parallel with 
one another [48]. Egocentric frames can be used alone but there is ev
idence to suggest allocentric representations require the translation of 
sensory and imagery input from transient egocentric representations 
[49]. 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 [50], it is also suggested human allocentric 
map based hippocampal representations are driven from inputs from 
dorsal and ventral visual pathways overlapping posterior parietal re
gions [51]. 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 [52,53] 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 formation of 
allocentric representations. Future studies in a larger sample of mild to 
moderate VCI patients are required to explore this potential explanation 
further. 

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 colossal body and the 
superior division of the lateral occipital cortex. Although WMH are also 
common in healthy ageing [55], the MRI profile is consistent with 
typical subcortical ischaemic presentation of VCI [4]. 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 con
trols. Although differences did not reach statistical significance, a trend 
towards significance was strongest for the left and right SLF parietal 
sections. 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 [11], and could manifest as this apparent egocentric 
orientation deficit. 

Neuroimaging studies emphasise the role of medial and posterior 
parietal regions in computing egocentric spatial representations [49,56] 
and research examining the application of virtual reality assessing early 
neurodegeneration suggest reduced right hemisphere precuneus 

volumes are associated with poorer egocentric performance [57]. 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 [16]. 

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 condi
tion, 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 
findings 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 subcortical ischaemic VCI [4]. Type 
one errors are also identified when using small control groups and 
Crawford and Howell’s (1998) modified paired sample t-test [58]. In 
addition, pre-existing healthy WMH load has also been shown to exhibit 
as reduced FA in the SLF [59]. 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 is not conclusive. 

Finally, although the utility of app-based spatial navigation tools 
such as the Virtual Supermarket Test and Sea Hero Quest to detect VCI 
pathology is clear, the task demands are multidimensional requiring a 
host of cognitive abilities (visuomotor, executive, working memory, 
language comprehension) that may be challenging in more advanced 
disease stages. RK’s results should also be discussed in the context of 
dysexecutive syndrome [54], whereby fronto-parietal function is 
impaired but medial temporal function remains intact. Results from 
INECO and FCSRT free recall tests suggest frontal executive problems 
and fronto-parietal functions including visual imagery, planning and 
spatial working memory are critical to spatial navigation. Therefore, 
future studies should consider the syndrome in the context of VCI. 

Critically, these injuries observed in RK’s MRI could be sensitive to 
novel spatial tests but go undetected on visuospatial measures of neu
ropsychological assessment. Future studies are needed to explore po
tential parietal-to-frontal network disruption in the early stages of VCI to 
inform the pathogenesis of spatial disruptions. 

4.1. Conclusions 

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. In sum, the Virtual Super
market Test, the Clock Orientation Test and Sea Hero Quest appear to be 
sensitive to the detection of vascular cognitive impairment. 
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APPENDICES 

Supplementary information 
Appendix A. 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.   

Measure Condition Patient Score Control sample mean(n = 14) SD t-value p value size effects(Z_cc) 95% CI 

Virtual Supermarket Test (VST) 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  

Appendix B. RK’s neuropsychological assessment scores alongside normative and clinical cut-off scores. As per reviewer’s request.   

Test RK’s 
Score 

Normative sample mean 
score 

Reference 

TMT A 66 39.14 (11.84) Tombaugh, T. N. (2004). Trail Making Test A and B: normative data stratified by age and education. Archives of clinical 
neuropsychology, 19(2), 203–214. TMT B 92 91.32 (28.89) 

VOSP: dot 
counting 

9 9.9 (0.2) Elizabeth K.. Warrington, & James, M. (1991). VOSP: the visual object and space perception battery. Pearson.. 

VOSP: position 
discrim 

20 19.6 (0.9) 

VOSP: cube 
analysis 

10 19.2 (1.2)   

Clinical mean score  
ACE-III 82 <82 cut off for mild 

dementia 
Beishon, L. C., Batterham, A. P., Quinn, T. J., Nelson, C. P., Panerai, R. B., Robinson, T., & Haunton, V. J. (2019). 
Addenbrooke’s Cognitive Examination III (ACE-III) and mini-ACE for the detection of dementia and mild cognitive 
impairment. Cochrane Database of Systematic Reviews, (12). 

FCSRT: Free 
recall 

15 22.1 (4) VaD mean 
score 

Grober, E., Sanders, A. E., Hall, C., & Lipton, R. B. (2010). Free and cued selective reminding identifies very mild dementia 
in primary care. Alzheimer disease and associated disorders, 24(3), 284. 

FCSRT: Cued 
recall 

33 45.8 (4) VaD mean 
score 

INECO total 20 <25 cut off for 
dementia 

Sierra Sanjurjo, N., Saraniti, A. B., Gleichgerrcht, E., Roca, M., Manes, F., & Torralva, T. (2019). The IFS (INECO Frontal 
Screening) and level of education: Normative data. Applied Neuropsychology: Adult, 26(4), 331–339. 

ROCF: Copy 29 >99 percentile Knight, J. A. (Ed.). (2003). The handbook of Rey-Osterrieth Complex Figure usage: Clinical and research applications. 
Psychological Assessment Resources, Incorporated. ROCF: Recall 12 27th percentile  
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