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A B S T R A C T   

Introduction: This large-scale lesion-symptom mapping study investigates the necessary neuro-anatomical sub-
strates of 5 cognitive domains frequently affected post stroke: Language, Attention, Praxis, Number, and 
Memory. This study aims to demonstrate the validity of using routine clinical brain imaging and standard bedside 
cognitive screening data from a large, real-world patient cohort for lesion-symptom mapping. 
Patients and methods: Behavioural cognitive screening data from the Oxford Cognitive Screen and routine clinical 
neuroimaging from 573 acute patients was used in voxel-based lesion-symptom mapping analyses. Patients were 
classed as impaired or not on each of the subtests within 5 cognitive domains. 
Results: Distinct patterns of lesion damage were associated with different domains. Language functions were 
associated with damage to left hemisphere fronto-temporal areas. Visuo-spatial functions were associated with 
damage to posterior occipital areas (Visual Field) and the right temporo-parietal region (Visual Neglect). 
Different memory impairments were linked to distinct voxel clusters within the left insular and opercular 
cortices. Deficits which were not associated with localised voxels (e.g. executive function, praxis) represent 
distributed, bilateral functions. 
Discussion: The standardised, brief Oxford Cognitive Screen was able to reliably differentiate distinct neural 
correlates critically involved in supporting domain-specific cognitive abilities. 
Conclusion: By demonstrating and replicating known brain anatomy correlates within real-life clinical cohorts 
using routinely collected scans and standard bedside screens, we open up VLSM techniques to a wealth of 
clinically relevant studies which can capitalise on using existing clinical data.   

1. Introduction 

It is well established that some degree of functional specialisation 
exists within the human brain. However, it is not yet clear whether this 
complex, functional structure can be adequately captured by routine 
post-stroke cognitive screening tools and routine clinical brain imaging. 
First, it is not yet well established whether routinely collected acute 
clinical imaging contains sufficient quality of information to accurately 
map and localise stroke-related deficits on a group level (Urbach et al., 
2000; de Haan and Karnath, 2018). Second, it is unclear whether routine 
post-stroke cognitive screening tools are able to effectively tap this un-
derlying functional structure to distinguish between distinct patterns of 
brain-behaviour relationships (Demeyere et al., 2015). The purpose of 
the present study is to address these issues by investigating the validity 
of using routinely collected clinical imaging and bedside cognitive 
screening data to identify the anatomy supporting well-known, 

domain-specific cognitive impairments. 
Decades of neuropsychological, neurological, and neurophysiolog-

ical research has indicated that some degree of functional specialisation 
exists within the human brain. From early single case evidence to 
modern neuroimaging studies, previous investigations have reliably 
identified localised, task-specific neural correlates. Within neurosci-
ences, studies investigating the neural underpinnings of cognition 
within animal models have provided a thorough understanding of the 
necessary neural substrates of many low-level functions (Garcia and 
Buffalo, 2020). However, these animal studies struggle to create 
adequate proxies of higher-order cognition (Jucker, 2010). In contrast, 
functional imaging provides key insight into higher-order cognitive 
functions, but is not able to discriminate between activity which is 
minimally sufficient versus strictly necessary for cognitive functions. 
Similarly, transcranial magnetic simulation studies are critically 
important for investigating necessary neural correlates, but are limited 
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by an incomplete understanding of this technique’s physiological effect 
and comparatively poor spatial resolution (Sack and Linden, 2003; Deng 
et al., 2013). However, naturally occurring lesions from acquired brain 
injuries, including stroke, provide an opportunity to reliably identify the 
neuroanatomy which is causally related to and strictly necessary for 
specific higher-order cognitive functions (Vaidya et al., 2019). 

Though many textbooks link specific neuropsychological deficits 
reported by standardised, bedside cognitive screens to particular stroke 
locations, the evidence for these relationships has not been clearly 
demonstrated in a single overarching study of acute stroke (Cumming 
et al., 2013). The majority of previous stroke lesion-mapping studies 
have aimed to identify the correlates of impairment within a single, 
specific test (e.g. trail-making (Varjacic et al., 2018)) or single cognitive 
domain (Kenzie et al., 2015; Moore et al., 2021) rather than providing a 
representative overview of multiple stroke-related deficits. Conversely, 
studies which have analysed correlates of a range of deficits have been 
limited by language-dependent assessments (Demeyere et al., 2015; 
Zhao et al., 2018). For example, Zhao et al. (2018) conducted a 
large-scale analysis (N = 410) using the Montreal Cognitive Assessment 
(MoCA) (Nasreddine et al., 2005). The MoCA requires verbal responses 
for 25/30 possible points, including those assessing non-language do-
mains (Demeyere et al., 2016, 2019). This language-dependence 
confound was confirmed in Zhao et al. (2018), as left hemisphere lan-
guage areas were found to be associated within all investigated functions 
including attention, which is well-established to be a right-hemisphere 
function (Chechlacz et al., 2012; Bartolomeo and Seidel Malkinson, 
2019; Corbetta and Shulman, 2011). Further research is needed to 
identify correlates of domain-specific post-stroke cognitive impairments 
using assessments unconfounded by language demands. 

The present investigation aims to demonstrate the relationship be-
tween stroke locations and specific cognitive impairments as measured 
through a brief domain- and stroke-specific screen (Demeyere et al., 
2015). Voxel-Based Lesion Symptom Mapping (VLSM) provides an 
effective methodology for identifying the necessary correlates support-
ing cognitive function (de Haan and Karnath, 2018). However, the 
inferential power of VLSM is limited by the quality of data considered. 
Ideally, VLSM analyses should include high-quality neuroimaging and 
behavioural data from representative acute sample (de Haan and Kar-
nath, 2018). Unfortunately, it is often impossible to obtain high-quality 
imaging for acute patients as many have MR contra-indications or are 
unable to lie still (Singer et al., 2004). Additionally, the higher costs of 
MR mean that CT is generally the standard pathway (Khan et al., 2013). 
With respect to timing, neuropsychological studies often require lengthy 
testing and stroke survivors do not often partake in research until later in 
recovery. During this recruitment delay, cortical re-organisation and 
recovery occurs, changing brain-behaviour relationships (de Haan and 
Karnath, 2018). Previous research has strongly suggested that VLSM 
analyses that do not include acute neuroimaging and behavioural data 
may be unable to precisely identify correlates (de Haan and Karnath, 
2018). Additionally, many VLSM studies include small samples, 
restricted to patients exhibiting specific stroke types or locations, or 
specific milder impairments linked to smaller lesions. This frequent 
reliance on non-representative samples greatly limits the general-
isability of many VLSM findings. Given these limitations, new avenues 
for improving VLSM studies are needed. 

UK Clinical Stroke Guidelines (Royal College of Physicians, 2016) 
require each suspected stroke patient to complete acute diagnostic 
neuroimaging and bedside cognitive assessment. These data facilitate 
the investigation of the validity of using routinely collected imaging for 
VLSM of domain-specific cognitive impairments. Clinical scans are of a 
lower resolution than research-specific neuroimaging. In addition, acute 
imaging conducted close to the stroke event, often will have incomplete 
visualisation of damage due to the presence of irreversibly damaged 
tissue that has not yet been replaced by cerebrospinal fluid (Urbach 
et al., 2000). This temporal development may lead to underestimations 
of the extent of the damage, which is generally cited as grounds for 

avoiding routinely collected imaging (specifically CT imaging) in VLSM. 
However, it also follows that analyses involving acute neuroimaging are 
extremely unlikely to yield false positives. Therefore, if the feasibility of 
using these scans for research is established, any positive results yielded 
by employing acute clinical scans would provide strong evidence in 
identifying necessary correlates. 

Weaver et al. (2021) conducted a lesion mapping meta-analysis 
aiming to identify stroke locations which are most strongly 
predictive of post-stroke cognitive impairment across five domains: 
language, attention/executive function, verbal memory, visuo 
-construction/perception, and processing speed. This study found that 
impairment in these domains was associated with distinct neural cor-
relates, which largely agree with those reported in past single-domain 
lesion mapping studies (Weaver et al., 2021). Whilst the author pre-
sent the largest existing lesion-mapping study of cognition in stroke, 
several key questions remain open for investigation. First, Weaver et al. 
(2021) employ neuroimaging collected at a range of timepoints between 
1 and 186 days following stroke (Weaver et al., 2021). Combining acute 
and more chronic neuroimaging scans risks confounding interpretation 
of results due to different amounts of cortical reorganisation at different 
stages post stroke (de Haan and Karnath, 2018; Bates et al., 2003). Due 
to this reorganisation chronic lesion data is useful for investigating the 
correlates of chronic dysfunction but does not necessarily provide any 
information pertaining to the functional architecture of the brain. De 
Haan & Karnath (de Haan and Karnath, 2018) therefore recommend 
avoiding combing scans collected at different time points in lesion 
mapping. Here, we aimed to establish whether the functional structure 
of the brain can be measured employing only acute, routinely collected 
imaging in order to determine whether this data source can be reliably 
employed by future lesion mapping investigations. 

Next, Weaver et al. (2021) employed behavioural data of cognitive 
assessments that were conducted up to 15 months following stroke and 
were generally composed of a range of in-depth, multi-domain cognitive 
assessments (Weaver et al., 2021). Full neuropsychological assessments 
are not feasible in clinical environments due to both patient factors (e.g. 
burden, fatigue) and environmental factors such as lack of trained 
neuropsychology staff, test availability, bed-side testing. (Demeyere 
et al., 2015). In order to map acute cognitive effects, before any reor-
ganisation and recovery occurs, we need to employ brief, bedside 
cognitive assessments designed for stroke-specific screening and now 
commonly used in clinical practice (Demeyere et al., 2015, 2019). 
Finally, Weaver et al. (2021) aimed to produce a visual rating scale 
which could be applied by clinicians to identify patients who might be at 
risk of post-stroke cognitive impairment. The present study does not take 
this approach as we believe the real-world clinical utility of such a rating 
scale to be limited due to high lesion visualisation false negative rates, 
disconnection/diaschisis effects, and the existence of simpler, direct, 
methods for directly identifying cognitive impairments (Urbach et al., 
2000; Demeyere et al., 2015, 2016; Carmichael et al., 2004). Instead, the 
present study aims to determine whether large-scale patterns of func-
tional specialisation can be identified by routine cognitive assessment in 
order to validate that these screens are able to reliably detect and 
differentiate between behaviours linked to separate neural correlates. 

Lesion-mapping methodologies have the potential to build upon the 
findings of previous functional neuroimaging and animal-lesion studies 
to further fundamental understanding human brain-behaviour re-
lationships. The present study investigates the validity of using routinely 
collected clinical neuroimaging (regardless of modality) to identify the 
necessary anatomy supporting well-known, domain-specific cognitive 
impairments. This question is particularly important as large-scale 
lesion mapping approaches capitalising on acute clinical imaging 
could significantly expand both the power of future lesion mapping, as 
well as improving representativeness of samples. This would facilitate 
more ecologically valid conclusions in a patient group that is charac-
terised by often co-occurring changes in structural integrity (Raz, 2004). 
This study also aims to investigate the utility of standardized post-stroke 
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cognitive assessment for detecting and differentiating between distinct 
patterns of stroke-related damage. Importantly, any potential clinical 
utility of using neuroimaging-based diagnosis of cognitive difficulties is 
extremely limited due to high lesion false negative rates, dis-
connection/diaschisis effects, and the existence of simpler, direct 
cognitive assessment methods (Urbach et al., 2000; Demeyere et al., 
2015; Carmichael et al., 2004). Instead, this study aims to determine 
whether large-scale patterns of functional specialisation can be identi-
fied by routine cognitive assessment. 

2. Methods 

2.1. Participants 

This investigation presents a retrospective analysis of data collected 
within previous OCS studies. These protocols were each reviewed and 
approved by National Research Ethics Committees (REC references:14/ 
LO/0648, 18/SC/0550, 12/WM/00335). All included patients provided 
informed consent for both research participation and for the resultant 
data to be published in a non-identifiable manor. These studies recruited 
consecutive stroke survivors during acute hospitalisation, regardless of 
lesion location or behavioural pathology with minimal exclusion 
criteria. Specifically, these studies included all patients who were able to 
remain alert for 15 min, excluding only those who could not provide 
(witnessed) informed consent (Demeyere et al., 2015). The studies 
include participants with communication difficulties and severe cogni-
tive impairments, augmenting representativeness. All participants with 
available OCS data and clinical neuroimaging were considered. Patients 
with no visible lesions or clear evidence of multiple, temporally distinct 
lesions were excluded. 

573 patients (age = 72 (sd = 13.2, range = 26 to 98), 43.8% female, 
9.7% left-handed) met inclusion criteria. This sample included ischemic 
(n = 455) and haemorrhagic (n = 118) patients (282R, 233L, 58 Bilat-
eral) ranging from lacunar strokes to large lesions (average volume =
39.2 cm3 (SD = 56.2), range = 0.015–444.3 cm3). Behavioural testing 
was conducted on average 5.61 days following stroke (SD = 5.71, range 
= 0 to 30), and imaging was collected on average 1.38 days following 
stroke (SD = 3.26, range = 0 to 27). The sample size of each conducted 
comparison varied (n = 499 to 568), due to different numbers 
completing each subtest. 

2.2. Neuroimaging data 

Routine post-stroke imaging (497 CT, 67 T2, 2 T1, 7 FLAIR) was 
employed. Lesions were manually delineated in native space by in-
vestigators blind to behaviour. For haemorrhagic strokes, both intrace-
rebral blood and peri-focal hypodense tissue were included within 
delineations. Lesion masks were smoothed at 5 mm full-width at half 
maximum in the z-direction, binarized (0.5 threshold), reoriented, 
warped into 1 × 1 × 1 mm stereotaxic space using Statistical Parametric 
Mapping (Ashburner et al., 2016) and Clinical Toolbox (Rorden et al., 
2012) functions, and were visually inspected for quality. 

2.3. Behavioural data 

Routine OCS (Demeyere et al., 2015) post-stroke cognitive assess-
ment data was employed to identify impairments in 5 core cognitive 
domains. The OCS is a standardised, stroke-specific clinical screen 
assessing language, attention, memory, praxis, and number processing. 
Each subtest assesses cognitive functions independently, explicitly 
minimising language-related and visuo-spatial confounds present in 
many other screens (Demeyere et al., 2016). OCS is currently the stan-
dard in >1100 settings and is recommended in clinical guidelines (Royal 
College of Physicians, 2016). 

Behavioural impairment was binarized using standardised thresh-
olds (Demeyere et al., 2019). This dichotomisation was performed due 

to the restricted range of possible scores on many of the OCS subtests (e. 
g. 0 to 4) which would violate the assumptions of continuous VLSM 
analyses (de Haan and Karnath, 2018). Language domain subtests 
include expressive language (Picture Naming), receptive language (Se-
mantics) and Reading (Sentence Reading). The Number domain includes 
Number Writing and Calculation Tasks. The memory domain contains 
long-term memory (Orientation), prompted verbal recall (Recall), and 
unprompted episodic recognition (Recognition) subtests. Visuo-spatial 
abilities are measured in terms of visual perception (Visual Field Task) 
and visuo-spatial attention (Cancellation Task), with right and 
left-lateralised deficits separated. Finally, Praxis is measured through 
meaningless gestures imitation and non-verbal trail-making assessed 
Executive Function. 

2.4. VLSM statistics 

VLSM was conducted to determine the correlates of impairment 
within each behavioural comparison group. Voxel-wise analyses were 
conducted using NiiStat (https://github.com/neurolabusc/NiiStat) 
(overlap ≥5). Non-parametric Liebermeister measures were used to 
evaluate significance. Results were adjusted for multiple comparisons 
using highly conservative Bonferroni corrections (alpha = 0.05). Z-sta-
tistic significance cut-offs are reported, with negative z-scores repre-
senting association with impairment. This conservative analysis 
approach was employed to harness this study’s very large sample size 
and testing space to prioritize specificity over sensitivity (de Haan and 
Karnath, 2018; Lorca-Puls et al., 2018). Specifically, this analysis aims to 
locate “core”, highly significant lesion sites rather than peripheral areas 
which are less strongly associated with impairment. In order to control 
for stroke severity, lesion volume was included within all VLSM analyses 
as a covariate of no interest. Lesion anatomy was evaluated versus the 
Harvard-Oxford Cortical (Desikan et al., 2006) and John’s Hopkins 
University White Matter atlases (Mori et al., 2005). 

2.4.1. Data availability 
All anonymized data, code, and analysis output associated with this 

project has been made openly available on the Open Science Framework 
(https://osf.io/dc7ay/). The binarized, normalised lesion masks are 
available upon request from the authors. 

3. Results 

Figs. 1 and 2 illustrate lesion overlays for all 573 participants and for 
impaired patients in each comparison group. Maximum overlap (n = 88) 
was within MCA territory with lesser affected territories still containing 
sufficient overlap (overlap = 5 to 31). Comparison z-statistics, signifi-
cance thresholds, and detailed anatomy are reported in Tables 1 and 2. 

Within the language domain, Picture Naming results indicated that 
language production impairment was most strongly associated with left 
central operculum cortex damage. Additional significant clusters 
impacted the left frontal operculum cortex and planum polare. Recep-
tive language impairment (Semantics) was most associated with left 
insular cortex voxels, extending into the neighbouring frontal opercular 
cortex. Finally, Sentence Reading impairment was most strongly associ-
ated with damage to the left precentral gyrus and superior longitudinal 
fasciculus. This cluster extended into the left central operculum cortex 
and inferior frontal gyrus (pars opercularis). 

Within the number domain, Number Writing impairment was signif-
icantly associated with left frontal-temporal voxels extending 
throughout the left central/parietal operculum, insula, Heschl’s gyrus 
and external capsule white matter. This comparison’s peak z-values 
were located within the left central operculum. Alternatively, Calcula-
tion impairment was most strongly associated with damage to left pa-
rietal operculum cortex voxels. 

In Memory, Orientation impairment was associated with peak z-value 
voxels within the left parietal operculum. Additional significant voxel 
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clusters were present within the left insular cortex and precentral gyrus. 
Impairment within the Verbal Recall task was associated with voxel 
clusters within the left hemisphere insular and central opercular 
cortices. The peak z-coordinates corresponded to the left anterior pu-
tamen. Alternatively, Episodic Recognition impairment was most strongly 
associated with damage to left insular cortex with additional clusters 
within the left central operculum and planum polare cortices. 

Within the Visuo-Spatial domain, analysis of Left Visual Field 
impairment yielded a large cluster of significant voxels extending 
throughout the right occipital and posterior/superior parietal areas and 
underlying white matter. This cluster primarily impacted the right pa-
rietal operculum cortex, intracalcarine cortex, and angular gyrus. 
Damage to the right lateral occipital cortex (superior division) was 
found to be most strongly associated with impairment. Conversely, Right 
Visual Field impairment was found to be associated with peak z-values 
within the posterior left temporal fusiform gyrus. Additional significant 
voxel clusters were located within the posterior division of the left oc-
cipital fusiform gyrus, temporal-occipital fusiform cortex, and lingual 
gyrus. 

In comparison, analysis of left-lateralised Cancellation impairment 
resulted in a large cluster of significant voxels extending throughout the 
right temporal/parietal cortices and underlying white matter. Specif-
ically, these clusters primarily impacted the right parietal operculum, 
Heschl’s gyrus, planum temporale, and insular cortex. White matter 
tracts including the external capsule, internal capsule (retolenticular 
and posterior limb), and superior longitudinal fasciculus were also 
significantly impacted. Damage to voxels within the right parietal 
operculum cortex was found to be most strongly associated with left- 
lateralised neglect impairment. Conversely, right neglect Cancellation 
impairment was not found to be significantly associated with any of the 
tested voxels. Within the executive domain, analysis of Trail Making data 
yielded no significant voxels. Finally, Praxis impairment was also not 
found to be associated with any tested voxel. 

4. Discussion 

These results provide a comprehensive validation of VLSM using 
routinely acquired clinical scans and standard cognitive assessment 
data, through the demonstration of functional specialisation within the 
human brain. VLSM analyses of focal post-stroke cognitive impairments 
strongly suggests that distinct impairments are related to separable 
correlates with necessary rather than simply correlational contributions. 
The correlates identified in this study generally agree well with those 
found in previous investigations, validating the use of acute routinely 
collected scans and standard bedside cognitive assessment data for 
VLSM. This finding is critically important, as employing clinical data can 
dramatically increase the scope of future analyses. This study also 
highlights important strengths and limitations of VLSM. 

The correlates identified in this investigation agree well with past 

literature. Language functions were most strongly associated with 
damage to left frontal/temporal areas, agreeing well with previous 
research. Walker et al. found that damage to the left anterior temporal 
lobe and middle temporal gyrus was the best predictor of aphasic se-
mantic error production. This investigation similarly found that anterior 
temporal damage including the frontal operculum and insula predicted 
semantics test impairment. Baldo et al. (2013) concluded that picture 
naming errors were subserved by a large, left peri-sylvian network 
including the middle temporal gyrus. Although our results did not spe-
cifically link middle temporal gyrus to naming errors, damage to nearby 
peri-sylvian cortical and white matter significantly predicted impair-
ment. Finally, Baldo et al. (2018) found an association between reading 
impairment and damage to left inferior temporo-occipital areas 
including the middle/superior temporal gyri and the supramarginal 
gyrus. These findings were replicated. In sum, the present study 
employing brief screening measures and routine clinical scans closely 
matches previous findings with equivalent language tasks. 

In this investigation, visual field deficits were associated with dam-
age to posterior occipital areas including the intracalcarine sulcus. This 
finding is in line with primary visual field perception being localised 
within this region (Zhang et al., 2006). The involvement of additional 
occipital regions (e.g. lingual gyrus) can be explained by the strong as-
sociation between PCA strokes and visual field deficits (Kas et al., 2011). 
Similarly, findings outside the occipital cortex (e.g. parietal operculum) 
can be accounted for by neglect resulting in confrontation task deficits, 
as severe neglect is often misdiagnosed as visual impairment (Moore 
et al., 2019). 

Left visuospatial neglect was most associated with damage to voxels 
centred within the right temporo-parietal region (Chechlacz et al., 
2012). Previous research has associated left visuospatial neglect deficits 
with damage to the right temporoparietal junction and superior tem-
poral gyrus, the angular gyrus and parahippocampal region, as well as 
the white matter tracts underlying these cortical areas (superior/inferior 
longitudinal fasiculi and inferior fronto-occipital fasciculi) (Chechlacz 
et al., 2012). A similar degree of heterogeneity was present within the 
regions found to be associated with left visuospatial neglect in this study. 
This variation is accounted for by characterising visuospatial neglect as 
a disconnection syndrome, rather than a deficit subserved by any single 
neural correlate (Bartolomeo et al., 2007). 

Conversely, right visuospatial neglect was not found to be signifi-
cantly associated with any of the tested voxels. Previous VLSM studies of 
right visuospatial neglect deficits have yielded contrasting results. 
Suchan and Karnath (2011) found that right visuospatial neglect was 
subserved by the left superior/middle temporal gyri, inferior parietal 
lobule, and insula. Similarly, Beume et al. (2017) found that damage to 
the left superior and middle temporal gyrus, temporal pole, frontal 
operculum, and insula were the strongest predictors of right neglect. 
More recently, Moore et al. (2021) found that right egocentric neglect is 
associated with voxels within more posterior left hemisphere areas (e.g. 

Fig. 1. Lesion overlay for all 573 patients in this investigation. Colour represents number of lesions overlapping. Only regions with ≥5 lesions are visualised. Slices 
within the MNI z-coordinates − 44 to +66 are visualised. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version 
of this article.) 
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occipital fusiform gyrus) while right allocentric neglect is associated 
with damage to the anterior limb of the left internal capsule white 
matter. Previous research has identified a wide range of cortical and 
subcortical right hemisphere regions which are associated with left 
neglect (Molenberghs et al., 2012). Taking into account the variance in 
reported lesions leading to right visuospatial neglect as well as 
disagreement within existing studies aiming to identify the correlates of 
this syndrome (Moore et al., 2021; Suchan and Karnath, 2011; Beume 
et al., 2017), it seems plausible that similar variance exists within the left 
hemisphere areas responsible for distributing attention across space. 
This variance may help account for the null result found in this study, as 
VLSM is not ideally suited to investigating the anatomy of deficits with 

multiple, spatially distinct correlates (de Haan and Karnath, 2018). 
Additional research is needed to further characterise the left hemisphere 
cortical areas involved in spatial neglect. 

VLSM analysis of praxis impairment yielded no significant voxels. 
Previous research has strongly suggested that praxis functions are not 
subserved by a single, localised neural correlate but instead represent 
diffuse, network-based cognitive functions (Hoeren et al., 2014). For 
example, Hoeren et al. (2014) found that gesture imitations were asso-
ciated with damage to the left lateral occipito-temporal, posterior infe-
rior parietal lobule, posterior intraparietal sulcus, intraparietal sulcus, 
and superior parietal lobule. Visual examination of the lesion overlays of 
participants with praxis impairment demonstrates a clear, bilateral 

Fig. 2. Lesion overlays for each OCS subtest. Only lesions from impaired patients are presented, with n representing the number of impaired patients. Colour in-
dicates number of lesion overlaps within each region. Slices within the MNI z coordinates − 44 to +66 are visualised. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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damage pattern associated with this disorder. Given that VLSM is less 
well suited to identifying the neural correlates of bilateral functions (de 
Haan and Karnath, 2018), additional analyses are needed to more 
thoroughly understand the neural correlates of praxis impairment. 

Impairment on the OCS executive function task was not found to be 
significantly associated with damage to any voxels in VLSM analysis. 
While executive functions such as response inhibition, goal-directed 
behaviour, and self-monitoring are classically linked to damage within 
the left or right pre-frontal cortex (Muir Ryan et al., 2015), various 
components of executive function have been associated with damage to 
a wide range of neural correlates. For example, Varjačić et al. (2018) 
found that the left insula plays a critical role in subserving executive set 
switching. Similarly, specific executive function components, such as 
inhibition, have been found to be associated with distinct neural regions 
even within the prefrontal cortex (Cipolotti et al., 2016). This diversity is 
clearly illustrated within this study’s lesion overlay of patients exhibit-
ing executive function impairment, as bilateral lesions involving a range 
of primarily the white matter underlying temporo-parietal regions was 
found to be impacted. In sum, the existing literature strongly suggests 
that executive function, like praxis, is best understood as a diffuse 
function subserved by multiple, interconnected neural correlates spread 
across both hemispheres. 

VLSM is designed to identify localised neural correlates and is a less 
appropriate method for identifying the underlying mechanisms of 
disconnection syndromes or syndromes that involve bilateral neural 
correlates (such as praxis and executive function) (de Haan and Karnath, 
2018). When any single voxel is analysed in VLSM, the behavioural 
scores of all patients with lesions to the relevant voxel are compared to 
all patients without damage at that voxel, regardless of behavioural 
phenotype. If a specific deficit is supported by multiple or bilateral 
correlates, this approach can lead to the impact of lesions at different 
critical sites cancelling each other out, leaving only a single significant 
correlate (de Haan and Karnath, 2018). This implies that this study’s 
failure to identify the neural correlates of executive function is not 
indicative of insufficient data, but rather illustrates one of the estab-
lished weaknesses within VLSM methodology. Alternative, 
network-based or multivariate lesion-symptom mapping techniques are 
more appropriate for investigating the neural correlates of disconnec-
tion syndrome cognitive deficits or deficits with bilateral correlates such 
as executive function and praxis (Zhao et al., 2018; Sperber et al., 2019; 
Cohen et al., 2021). 

The inclusion of routine imaging rather than research-specific scans 
offers an exceptionally valuable resource for improving the scope and 

quality of research aiming to identify the neural correlates of behaviour. 
These results demonstrate the utility of standardised post-stroke cogni-
tive assessment for detecting and differentiating between distinct pat-
terns of cognitive impairments. The OCS assessment alone was able to 
reliably identify post-stroke cognitive deficits, teasing apart distinct 
patterns of underlying damage (Demeyere et al., 2016, 2019). While 
many of the included test were linked to damage in similar ROIs, these 
significant voxel clusters were largely non-overlapping and centred 
within distinct regions of defined anatomical areas (see Fig. 3 and 
Table 1). For example, each of the three memory domain tests were 
linked to significant voxels within the insular cortex. However, there is 
no overlap between these results clusters and the number of voxels (n =
1, 7, 247) and actual location (MNI z coordinates = − 8, 10, 24) of these 
correlates were clearly different across the tests. These findings further 
validate the OCS as an effective method for identifying domain-specific 
rather than domain-general deficits (Demeyere et al., 2016). The 
consistent involvement of classical language areas across the number 
and memory domains does imply that these tasks, though inclusive for 
patients with language impairments, tend to involve a degree of lan-
guage dependency. Nevertheless, the analyses demonstrated that 
cognitive functions such as verbal recall and episodic recognition, were 
related to distinct neural correlates within the memory domain. 

Similarly, the present analysis was able to distinguish neural corre-
lates of distinct functions which often present similarly in behaviour. For 
example, left visual neglect and left visual field deficits were found to be 
associated with distinct impairment patterns. Even so, when visuo- 
spatial neglect is severe, the attentional orientation to the neglected 
field can be so severely affected that patients fail a confrontation test 
designed to detect a perceptual deficit. This was apparent also in the 
lesion correlates for the confrontation visual field task which showed 
involvement of more anterior (non-visual) temporo-parietal areas. This 
is in line with previous findings that severe visuospatial neglect is 
commonly misdiagnosed as a visual impairment (Moore et al., 2019). 

The results of this investigation also highlight inherent limitations in 
VLSM. First, regardless of the scan quality, there will inevitably be 
measurement error associated with creating quantitative lesion masks 
from uncertain clinical data. Investigations including low numbers may 
produce results skewed by this noise. Future VLSM analyses must 
therefore aim to include large (e.g. n > 50), representative samples with 
sufficient lesion coverage to detect generalisable effects. These large 
group analyses do require strict corrections for multiple comparisons 
VLSM. Second, while VLSM effectively identifies localised functions, this 
technique is not designed to identify networks of distributed cognitive 

Table 1 
VLSM results for each subtest analysis conducted. MNI coordinates (X,Y,Z) are provided for each analysis’ peak z-value. Z-cut denotes the z-score cut-off representing 
significance. This value represents a highly conservative Bonferroni correction in which the alpha level is determined by the number of voxels (N Voxels) considered in 
each individual analysis. Z-range represents the full range of z-values associated with all voxels analysed. N represents number of patients included and Impaired 
reports the number impaired in each group. The locations for peak z-values within tests which did not yield significant voxels are reported, but flagged as not sig-
nificant (NS).  

Test N Impaired Voxels Sig. Hem. x y z Peak Z-Value Location (MNI) 

Picture Naming 543 178 (32.7%) 693 L − 42 3 9 Central Opercular Cortex 
Semantics 565 54 (9.7%) 3641 L − 31 13 4 Insular Cortex 
Sentence Reading 532 123 (23.1%) 1234 L − 33 3 24 Precentral Gyrus 

Number Writing 568 155 (27.3%) 20,647 L − 35 1 17 Central Opercular Cortex 
Calculation 564 105 (18.6%) 16 L − 36 − 32 23 Parietal Operculum Cortex 

Orientation 566 121 (21.4%) 44 L − 37 − 37 20 Parietal Operculum Cortex 
Verbal Recall 552 168 (30.4%) 1346 L − 27 6 7 Putamen 
Episodic Recognition 559 141 (25.2%) 12 L − 43 − 12 6 Insular Cortex 

Left Visual Field Deficit 557 56 (10.1%) 23,479 R 39 − 68 27 Lateral Occipital Cortex (Superior Division) 
Right Visual Field Deficit 557 34 (6.1%) 2271 L − 38 − 40 − 19 Parietal Operculum Cortex 
Left Neglect 499 142 (28.5%) 43,576 R 43 − 23 25 Temporal Fusiform Cortex (Posterior Division) 
Right Neglect 499 85 (17.0%) 0 L − 3 − 87 − 8 Lingual Gyrus (NS) 

Praxis 560 154 (27.5%) 0 L − 17 − 84 1 Intercalcarine Cortex (NS) 

Executive 510 121 (23.7%) 0 L − 47 − 32 35 Supramarginal Gyrus (NS)  
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Table 2 
Detailed anatomical descriptions of significant voxel clusters identified in each 
individual analysis. Starred ROIs contain the peak z-values for each test. If a test 
was found to be associated with more than 5 ROIs, only ROIs containing at least 
5% significant voxels are reported. Smaller clusters are included if they con-
tained peak z-values for each test. Full anatomical descriptions for each voxel 
cluster are available on the Open Science Framework. Fraction represents the 
proportion of each ROI covered by each significant z-statistic map. All 
anatomical areas are defined based on the Harvard-Oxford Cortical Atlas 
(HAROX) and the Johns Hopkins University White Matter Atlas (JHU). Hem =
hemisphere (Left/Right).  

Domain Test Anatomical Label  Nsig Fraction 

Language: Picture 
Naming 

Central Opercular 
Cortex* 

L 504 5.38% 

Frontal Operculum 
Cortex 

L 42 1.04% 

Planum Polare L 15 0.35% 
Precentral Gyrus L 69 0.15% 
Insular Cortex L 18 0.15% 
Inferior Frontal Gyrus 
pars opercularis 

L 10 0.13% 

Superiorongitudinal 
fasciculus 

L 6 0.06% 

Inferior Frontal Gyrus 
pars triangularis 

L 1 0.01% 

Postcentral Gyrus L 1 0.00% 
Semantics Insular Cortex* L 2482 20.83% 

Frontal Operculum 
Cortex 

L 530 13.09% 

External capsule L 372 4.61% 
Central Opercular 
Cortex 

L 297 3.17% 

Superiorongitudinal 
fasciculus 

L 43 0.45% 

Anterior coronaadiata L 21 0.24% 
Inferior Frontal Gyrus 
pars triangularis 

L 20 0.22% 

Uncinate fasciculus L 1 0.16% 
Superior Corona 
Radiata 

L 4 0.04% 

Precentral Gyrus L 4 0.01% 
Sentence 
Reading 

Superiorongitudinal 
fasciculus 

L 346 3.64% 

Central Opercular 
Cortex 

L 144 1.54% 

Precentral Gyrus* L 573 1.27% 
Inferior Frontal Gyrus 
pars opercularis 

L 67 0.84% 

Superior corona 
Radiata 

L 7 0.08% 

Superior Temporal 
Gyrus posterior 
division 

L 6 0.06% 

Middle Temporal 
Gyrus 
temporooccipital part 

L 4 0.05% 

Planum Temporale L 2 0.03% 
Supramarginal Gyrus 
posterior division 

L 4 0.03% 

Supramarginal Gyrus 
anterior division 

L 2 0.02% 

Number: Number 
Writing 

Insular Cortex L 5574 46.79% 
Central Opercular 
Cortex* 

L 4337 46.33% 

Parietal Operculum 
Cortex 

L 1403 24.32% 

External capsule L 1793 22.23% 
Heschl’s Gyrus L 704 21.24% 
Frontal Operculum 
Cortex 

L 783 19.34% 

Superiorongitudinal 
fasciculus 

L 1427 15.00% 

Planum Temporale L 476 7.69% 
Planum Polare L 229 5.28% 
Supramarginal Gyrus 
anterior division 

L 435 4.30%  

Table 2 (continued ) 

Domain Test Anatomical Label  Nsig Fraction 

Superior corona 
Radiata 

L 383 4.19% 

Precentral Gyrus L 1338 2.96% 
Uncinate fasciculus L 12 1.94% 
Postcentral Gyrus L 472 1.30% 
Temporal Pole L 307 1.26% 
Retrolenticular part of 
internal capsule 

L 37 1.14% 

Supramarginal Gyrus 
posterior division 

L 111 0.83% 

Sagittal stratum L 19 0.58% 
Calculation Parietal Operculum 

Cortex* 
L 16 0.28% 

Memory: Orientation Parietal Operculum 
Cortex* 

L 29 0.50% 

Insular Cortex L 7 0.06% 
Superiorongitudinal 
fasciculus 

L 1 0.01% 

Precentral Gyrus L 3 0.01% 
Verbal Recall External capsule L 957 11.87% 

Insular Cortex L 247 2.07% 
Anterior Limb of 
internal capsule 

L 39 0.98% 

Central Opercular 
Cortex 

L 52 0.56% 

Superior fronto- 
occipital fasciculus 

L 1 0.15% 

Inferior Frontal Gyrus 
pars triangularis 

L 9 0.10% 

Frontal Operculum 
Cortex 

L 3 0.07% 

Planum Polare L 2 0.05% 
Anterior corona 
Radiata 

L 3 0.03% 

Superior corona 
Radiata 

L 2 0.02% 

Episodic 
Recognition 

Central Opercular 
Cortex 

L 3 0.03% 

Planum Polare L 1 0.02% 
Insular Cortex* L 1 0.01% 

Visuo- 
Spatial: 

Left Visual 
Field Deficit 

Parietal Operculum 
Cortex 

R 3626 66.93% 

Angular Gyrus R 6456 44.61% 
Planum Temporale R 1715 32.24% 
Supramarginal Gyrus 
posterior division 

R 4639 31.07% 

Middle Temporal 
Gyrus 
temporooccipital part 

R 2864 25.06% 

Intracalcarine Cortex R 2006 24.45% 
Lateral Occipital 
Cortex superior 
division* 

R 8900 18.91% 

Posterior 
thalamicadiation 

R 869 16.73% 

Supramarginal Gyrus 
anterior division 

R 1011 12.74% 

Heschl’s Gyrus R 399 12.26% 
Superiorongitudinal 
fasciculus 

R 669 7.06% 

Superior Temporal 
Gyrus posterior 
division 

R 712 7.03% 

Lateral Occipital 
Cortex inferior division 

R 1379 6.56% 

Lingual Gyrus R 1154 6.45% 
Occipital Fusiform 
Gyrus 

R 473 4.13% 

Temporal Occipital 
Fusiform Cortex 

R 190 2.24% 

Sagittal stratum R 57 1.74% 
Supracalcarine Cortex R 42 1.46% 
Cuneal Cortex R 80 1.19% 
Occipital Pole R 233 0.80% 

R 99 0.78% 

(continued on next page) 
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abilities. Researchers should use extreme caution when using VLSM to 
investigate potential disconnection syndromes or deficits involving 
bilateral neural correlates. 

Finally, the findings of this study build on the results of previous 
studies elucidating the neural correlates of specific post-stroke cognitive 
impairments by demonstrating that these results can be replicated in a 
single, representative stroke cohort. Many previous lesion mapping 
studies have focused on a single cognitive domain and have excluded 
patients exhibiting other common post-stroke impairments (e.g. apha-
sia). The present study adds to this existing literature by demonstrating 
that these previously identified brain-behaviour relationships are indeed 
robust and remain significant even under extremely stringent statistical 
corrections with a high degree of specificity. 

4.1. Study limitations 

Ideally, cognitive impairments should be diagnosed based on 
agreement between independent assessments (Demeyere et al., 2016), 
but it was not possible to include additional tests in this retrospective 
analysis. Additionally, different underlying problems can result in 
impairment on any single task. However, this investigation’s large 
sample size likely prevented this inherent noise from significantly 
impacting results. While VLSM is a valuable method for investigating 
brain-behaviour relationships, this technique does have several disad-
vantages when applied to vascular lesion data. Mainly, VLSM results are 
subject to some degree of spatial misallocation due to non-random 
spatial variation patterns caused by the brain’s vasculature structure 
and the inherent network structure of many behaviors of interest (Mah 
et al., 2014). This dependency implies that VLSM may struggle to 
differentiate between the contributions of critical distinct areas which 
are likely to be damaged by the same lesion (Mah et al., 2014). Future 
investigations should aim to address this issue by designing and testing 
novel, multivariate VLSM methodologies to account for this potential 
source of bias (Varjačić et al., 2018). 

While this study’s results indicate that separable lesion patterns are 
associated with different cognitive profiles, any potential clinical utility 
of using neuroimaging-based diagnosis of cognitive difficulties is 
extremely limited. First, clinical CT has a high-false negative rate 
(Urbach et al., 2000). Second, lesions outside identified critical sites can 
cause a specific cognitive impairment, as apparent in disconnection 
syndromes. Finally, standardised neuropsychological testing represents 
a simpler and more reliable cognitive impairment diagnostic method 
(Demeyere et al., 2015). The findings presented in this investigation are 
meant to illustrate large-scale patterns of functional specialisation based 
on routinely collected data, not to guide diagnosis of cognitive impair-
ments in clinical settings. 

4.2. Conclusions 

Overall, this project demonstrates the feasibility of using routinely 
collected clinical neuroimaging data and cognitive screening data for 
VLSM analysis. A domain-specific bedside assessment alone was able to 
reliably differentiate post-stroke cognitive deficits, teasing apart distinct 
patterns of underlying damage, confirming findings of focal stroke le-
sions selectively impacting cognitive functioning post stroke. The pre-
sent demonstration opens up VLSM techniques to a wealth of clinically 
relevant lesion mapping studies to capitalise on existing clinical neu-
roimaging and routine cognitive screening data. 
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Table 2 (continued ) 

Domain Test Anatomical Label  Nsig Fraction 

Middle Temporal 
Gyrus posterior 
division 
Tapetum R 6 0.68% 
Precuneous Cortex R 131 0.50% 

Right Visual 
Field Deficit 

Temporal Occipital 
Fusiform Cortex 

L 945 13.07% 

Temporal Fusiform 
Cortex posterior 
division* 

L 526 6.22% 

Parahippocampal 
Gyrus posterior 
division 

L 177 3.11% 

Lingual Gyrus L 304 1.93% 
Parahippocampal 
Gyrus anterior division 

L 94 1.24% 

Occipital Fusiform 
Gyrus 

L 87 0.70% 

Sagittal stratum L 21 0.64% 
Cingulum 
(hippocampus) 

L 9 0.46% 

Occipital Pole L 68 0.23% 
Inferior Temporal 
Gyrus 
temporooccipital part 

L 14 0.18% 

Cancellation 
(Left Neglect) 

Parietal Operculum 
Cortex* 

R 4874 89.96% 

Heschl’s Gyrus R 2160 66.38% 
External capsule R 5037 62.32% 
Planum Temporale R 3069 57.69% 
Insular Cortex R 6235 54.19% 
Posteriorimb of 
internal capsule 

R 2467 53.08% 

Retrolenticular part of 
internal capsule 

R 1354 41.21% 

Planum Polare R 1240 28.43% 
Superiorongitudinal 
fasciculus 

R 2621 27.65% 

Supramarginal Gyrus 
posterior division 

R 3533 23.66% 

Central Opercular 
Cortex 

R 1966 23.20% 

Supramarginal Gyrus 
anterior division 

R 1812 22.84% 

Uncinate fasciculus R 139 22.57% 
Posterior coronaadiata R 647 12.79% 
Superior Temporal 
Gyrus posterior 
division 

R 1021 10.08% 

Superior corona 
Radiata 

R 895 9.81% 

Posterior 
thalamicadiation 

R 276 5.31% 

Angular Gyrus R 758 5.24% 
Sagittal stratum R 160 4.89% 
Lateral Occipital 
Cortex superior 
division 

R 1723 3.66% 

Superior fronto- 
occipital fasciculus 

R 23 3.43% 

Fornix (cres) Stria 
terminalis 

R 60 3.17% 

Middle Temporal 
Gyrus 
temporooccipital part 

R 137 1.20% 

Frontal Operculum 
Cortex 

R 47 1.16% 

Anteriorimb of internal 
capsule 

R 47 1.14% 

Lateral Occipital 
Cortex inferior division 

R 216 1.03% 

Postcentral Gyrus R 166 0.51%  
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