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Visual feature processing in a large stroke
cohort: evidence against modular
organization
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See Hebart (https://doi.org/10.1093/brain/awaf100) for a scientific commentary on this article.

Mid-level visual processing represents a crucial stage between basic sensory input and higher-level object recogni-
tion. The conventional model posits that fundamental visual qualities, such as colour and motion, are processed
in specialized, retinotopic brain regions (e.g. V4 for colour, MT/V5 for motion). Using atlas-based lesion-symptom
mapping and disconnectome maps in a cohort of 307 ischaemic stroke patients, we examined the neuroanatomical
correlates underlying the processing of eight mid-level visual qualities.

Contrary to the predictions of the standard model, our results did not reveal consistent relationships between pro-
cessing impairments and damage to traditionally associated brain regions. Although we validated our methodology
by confirming the established relationship between visual field defects and damage to primary visual areas (V1, V2
and V3), we found no reliable evidence linking processing deficits to specific regions in the posterior brain.

These findings challenge the traditional modular view of visual processing and suggest that mid-level visual process-
ing might be more distributed across neural networks than previously thought. This supports alternative models
where visual maps represent constellations of co-occurring information rather than specific qualities.

1 Centre for Human Brain Health and Institute for Mental Health, School of Psychology, University of Birmingham,
Birmingham B15 2TT, UK

Department of Cognitive Neuroscience, Donders Institute for Brain, Cognition and Behaviour, Radboud University
Medical Centre, 6525 GA Nijmegen, The Netherlands

Donders Institute for Brain, Cognition and Behaviour, Radboud University, 6525 GD Nijmegen, The Netherlands
St Hugh’s College, Oxford University, Oxford OX2 6LE, UK

Psychology Department, Nottingham University, Nottingham NG7 2RD, UK

Faculty of Social and Behavioural Sciences, University of Amsterdam, 1001 NK Amsterdam, The Netherlands

N

AUV W

Correspondence to: Edward H. F. de Haan
Postbus 9104 6500 HE Nijmegen, Gelderland, The Netherlands
E-mail: edwarddehaan@donders.ru.nl

vision; retinotopic maps; stroke; half-field defects; symptom-lesion mapping

Received September 11, 2024. Revised November 27, 2024. Accepted December 20, 2024. Advance access publication January 13, 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact reprints@oup.com for reprints and translation rights for reprints. All other permissions can be obtained through our RightsLink service via the
Permissions link on the article page on our site—for further information please contact journals.permissions@oup.com.

920z Aieniga4 61 UO Jasn weplaiswy UBA IBNSISAIUN AQ €Y0ZS6.L/P L L/Y/8Y L/8Io1e/ulelq/woo dno-olwspeoe//:sdny Wwolj pepeojumoq


https://orcid.org/0000-0003-0312-3674
https://doi.org/10.1093/brain/awaf100
mailto:edwarddehaan@donders.ru.nl
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/brain/awaf009

Functional architecture of visual system

Introduction

Visual perception is one of the most remarkable achievements of the
human brain, transforming patterns of light hitting our retinas into
rich, meaningful experiences of the world around us.* Mid-level vision
is seen as a crucial stage in visual processing that bridges the gap be-
tween basic sensory input and higher-level (object) perception.
Traditionally, scientists viewed this processing stage as a collection
of specialized retinotopic modules in the brain, each dedicated to
handling specific visual features, such as colour, motion, shape, orien-
tation and texture, in separate dedicated retinotopc maps. This
modular perspective was supported by influential studies showing
that damage to specific brain regions could selectively impair the per-
ception of individual features; for instance, damage to area MT could
affect motion perception while leaving colour perception intact. This
conceptualization culminated in the identification of >40 functionally
dedicated visual areas in the posterior brain, based on electrophysi-
ology, staining and lesion studies in animals,** with the most famous
connections linking cortical area V4 with colour perception and cor-
tical area MT with motion perception.* The functional selectivity of
the visual brain is supported by multiple lines of evidence.
Functional neuroimaging studies have revealed multiple specialized
processing regions.>® The crucial role of area MT in motion perception
has been demonstrated through several experimental approaches:
temporary disruption using transcranial magnetic stimulation im-
pairs motion direction discrimination,”® and MT stimulation can in-
duce the perception of moving phosphenes in subjects with closed
eyes.’® Causal evidence also comes from lesion studies in rhesus
monkeys, where selective damage to area MT resulted in specific def-
icits in motion perception.'* Perhaps the most compelling evidence
comes from neurological case studies. The seminal case of patient
LM demonstrated selective motion blindness,**'” and Vaina'® docu-
mented a double dissociation between two patients: one showed im-
paired colour and form discrimination with preserved motion
perception, whereas the other exhibited the opposite pattern.

This modular organization aligns with our intuitive understand-
ing of vision, where different aspects of the visual world seem to be
processed separately. However, it subsequently introduces a sig-
nificant challenge known as the property binding problem.®°
For instance, when perceiving two red apples and one green apple,
the brain must integrate separately processed information about
shape and colour to form a coherent perception and somehow fig-
ure out which colours belong to which apple.

Accumulating evidence has challenged this modular perspective.
Neurons in V4?* and area MT?? have been found to respond to both
colour and motion, contradicting the notion of strict functional segre-
gation. Studies have revealed distributed colour-processing and
motion-processing networks,”®>?* questioning the concept of single
neurons being selectively tuned for specific visual features.
Furthermore, optical imaging in ferrets® demonstrated that the
same neural population in the visual cortex can respond to multiple
combinations of orientation, length, motion axis and speed. These
and other findings have led to extended versions of the dual pathway
models of visual processing, such as those proposed by Kravitz
et al.,””?® which emphasize the existence of multiple recurrent sys-
tems within the pathways, each dedicated to a specific task.

In response to these challenges, an alternative model has been
proposed that suggests the structure of the visual system emerges
through learning to encode the visual world as efficiently as pos-
sible.?>** This perspective posits a more fluid, interactive organiza-
tion of the early visual system, where retinotopic maps reflect the
covariances of information types in the external world, rather
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than a priori categories, such as motion, colour and shape. In this
view, maps represent correlations between visual primitives that
co-occur in our surroundings. This model potentially resolves the
property binding problem by eliminating the need for hyperspecia-
lized processing pathways that do not share common information.

A central prediction, which has not been evaluated systematically,
from the standard model is that there should be a relationship between
deficits in mid-level vision (such as motion and colour processing) and
specific anatomical locations. Given the evidence of significant pro-
cessing occurring both downstream and upstream of feature-
specialized regions, such as V4 and MT, feature processing deficits
might arise not only from lesions confined to these specialized regions
but also from lesions situated either upstream or downstream. Here,
we investigate the neuroanatomical correlates of colour, shape, loca-
tion, orientation, contrast, glossiness, texture and coherent motion
processing in a large cohort of ischaemic stroke patients. We evaluated
deficits in these mid-level features in the patients per hemifield and we
used atlas-based lesion-symptom mapping and a disconnectome ap-
proach to identify brain areas contributing to performance in these
eight different visual tasks. To validate our methods, we included an as-
sessment of visual field deficits, which have been strongly linked to
early visual cortex regions.

This study aims to provide crucial insights into the functional
organization of the visual brain and to inform our understanding
of visual deficits following brain injury. By examining a large
patient cohort with diverse lesion locations, assessing a range of
mid-level features per hemifield and using advanced analytical
techniques, we seek to determine whether visual processing ad-
heres more closely to a modular, feature-specific organization or
a distributed, covariance-based architecture.

Materials and methods

The present study is part of a prospective, multi-centre cohort
study, ‘A Functional Architecture of the Brain for Vision’
(FAB4V®"2?). The study involved patients admitted to one of the
following hospitals in The Netherlands: University Medical
Center Groningen (UMCG), Amsterdam University Medical
Center (Amsterdam UMC), Radboud University Medical Center
(Radboudumc), University Medical Center Utrecht (UMCU), Onze
Lieve Vrouwe Gasthuis (OLVG), Maasziekenhuis Pantein,
Rijnstate, Ommelander Ziekenhuis Groep and St. Antonius
Ziekenhuis and Diaconessenhuis. Neuroimaging and neuropsycho-
logical assessment took place at the UMCG, Amsterdam UMC,
Radboud UMC or the UMCU between September 2015 and
December 2019. The Medical Review Ethics Committee Utrecht ap-
proved the study (METC-nr 2015.372).

Inclusion criteria for the FAB4V study consisted of a diagnosis of is-
chaemic stroke made by an expert neurologist, age between 18 and
90 years, and sufficient command of the Dutch language. Patients
with cortical and subcortical lesions were included irrespective of
location in order to see whether areas outside the posterior brain
might be involved in low- to mid-level visual processing. Exclusion
criteria consisted of serious neurological disorders (other than is-
chaemic stroke), psychiatric disorders, history of substance abuse,
pre-existing visual impairment, pre-existing cognitive decline
[score > 3.6 on the Informant Questionnaire on Cognitive Decline
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in the Elderly (IQCODE**)] or severe aphasia. Assessments were
conducted between 2 weeks and 6 months post-stroke. All partici-
pants signed a written informed consent before participation, and
procedures were performed in accordance with the Declaration of
Helsinki.

Prior to all tasks, patients were screened to detect visual field defi-
cits. During the screening, participants were asked to fixate on ared
dot in the centre of a black screen. The dot remained visible
throughout the trial. A total of 45 stimuli (grey dots) were displayed
sequentially, for 100 ms each. Nine dots were presented in each
quadrant of the visual field (upper left, upper right, lower left and
lower right); additionally, nine dots were presented in the centre
of the screen. The location within each quadrant was chosen ran-
domly. Participants were instructed to indicate when they saw a
stimulus dot by pressing space bar, and they had 1200 ms to re-
spond. The time intervals between stimuli varied across trials,
ranging between 100 and 300 ms, uniformly distributed. An eye-
tracker (Eyelink 1000; SR Research Ltd.) was used to monitor eye
movements. If a patient made an eye movement while a stimulus
was being presented, that respective stimulus trial was substituted
with another one at a later stage during the task. Visual field deficits
were defined as a failure to detect at least half of the stimuli in at
least one quadrant. All scores were converted into binary format,
indicating either impairment or non-impairment. Deficits were
then categorized into left visual field deficits (lower and/or upper
left quadrants) and right visual field deficits (lower and/or upper
right quadrants). Patients with other visual field deficits were not
included in the analyses.

Eight experimental tasks assessed perception of visual features:
colour (red-green isoluminant stimuli), shape (Efron shapes),

S. Lugtmeijer et al.

location (dots in circles), orientation (angled lines), contrast (vary-
ing grey bars), glossiness (surface shine differences), texture
(Brodatz greyscale album®®) and correlated motion (varying percen-
tages of coherently moving dots). Figure 1 illustrates these stimuli.
Given that the visual system is duplicated in the human brain, the
left visual field is processed in the right posterior brain and vice ver-
sa, patients with unilateral lesions will compensate for visual dis-
turbances by making eye or head movements in free-view tasks.
Therefore, we developed a gaze-contingent presentation test set-
up using an eye-tracker, with which we are able to diagnose half-
field deficits.**

All tasks except motion followed a standard format (Fig. 2).
Trials began with a central fixation dot. After 1s, a target appeared
5° left or right for 1.5 s, allowing for the evaluation of function per
hemifield. Two response stimuli then appeared 5° above and below
fixation for 3 s, one matching the target. Participants had to indi-
cate which of the two response stimuli was identical to the target
stimulus within 4 s after the response stimuli appeared. If the re-
sponse was not made within 4 s, the trial was coded as incorrect.
In the motion task, participants were presented with only a target
stimulus containing moving dots. The coherence percentage of
these dots changed adaptively across trials, and participants had
to indicate whether the dots were moving upwards or downwards.
Participants responded to targets by pulling a joystick towards or
away from them. In the case of motoric limitations, participants
could respond verbally. This made the task appropriate for patients
with aphasia or motoric difficulties.

To control for eye fixations and movements, an eye-tracker was
used. The target presentation was controlled in a gaze-contingent
manner such that the target always remained in the same retinal
position, independent of eye movements. This allowed for separate
hemifield testing. If participants were not able to inhibit eye move-
ments, a short presentation procedure without an eye-tracker was
used. In the short presentation procedure, the target stimulus was
presented for 200 ms, meaning that the participant could not make
an eye movement in time to fixate on it.

D

ol
9

Figure 1 Examples of stimulus pictures. The pictures were used to assess the perception of colour (A), shape (B), location (C), orientation (D), contrast
(E), glossiness (F), texture (G) and coherent motion (H). Adapted from Lammers et al.>*

920z Aieniga4 61 UO Jasn weplaiswy UBA HBNSIaAIUN AQ €Y0ZS6.L/v L L/v/8Y L/81o1e/uleig/woo dno-olwspeoe//:sdiy Wwolj papeojumoq



Functional architecture of visual system

0ms

BRAIN 2025: 148; 1144-1154 | 1147

6500 ms

Figure 2 Schematic overview of the task protocol for the assessment of shape perception with the cumulative time (in milliseconds). Adapted from

Lammers et al.!

All tasks, except the motion task, consisted of 12 practice trials (6
per hemifield) and 24 test trials (12 per hemifield). The lowest score
(fewest correct identifications of identical stimuli) of two hemifields
was used in the analyses. The motion task consisted of 24 practice
trials (12 per hemifield) and 48 test trials (24 per hemifield). The high-
estscore (indicating a higher percentage of coherence of the moving
dots needed to identify direction) of two hemifields was used in the
analyses. Subsequently, all task scores were converted into binary
format, indicating either impairment or non-impairment. For com-
pleteness, analyses were also performed using the continuous task
scores (see Supplementary material, ‘Results’ SectionI). For patients
with a score on all tasks, the number of deficits was determined. For
a detailed description of the procedure and materials, including the
impairment cut-offs for each task, see Lammers et al.*

Imaging data acquisition

MRI data were collected on a Philips R5 3T MR scanner at the
Amsterdam UMC and the UMCU, and on a Siemens Magnetom
Prisma 3 T MR Scanner at the UMCG and Radboud UMC. For each pa-
tient, a 3D-fluid-attenuated inversion recovery (FLAIR) image was
acquired. The sequence details of the Philips were as follows: T2
FLAIR [inversion time (TI)=1650ms, repetition time (TR)=
4800 ms, echo time (TE) = 253 ms, field of view (FOV) = 250 mm, vox-
elsize =1.12 mm x 1.12 mm x 0.56 mm)]. The sequence details of the
Siemens were as follows: T2 FLAIR (TT= 1650 ms, TR =4800 ms, TE =
484 ms, FOV =280 mm, voxel size =0.9 mm x 0.9 mm x 0.9 mm).

Lesion segmentation and normalization

Lesions were delineated semi-automatically in native space using
ITK-snap software.®® Hyper-intensities around the lesion that
showed further degeneration of white matter and gliosis were

considered as part of the lesion. Four researchers identified and
marked the lesions. To check for inter-rater reliability, a random
sample of eight scans (10% of the total scans) was selected, and
each researcher identified the lesions independently. The mean
inter-rater agreement was 81.3%. If there was uncertainty about
specific scans, a neurologist or radiologist was consulted.

The MRIs and the corresponding lesion maps were normalized
using a unified segmentation/normalization approach in
Statistical Parametric Mapping software (SPM12%"%). To correct
for the presence of lesions during the normalization, enantio-
morphic normalization was used for unilateral lesions.>® For sym-
metrical, bilateral lesions, cost function masking was applied.
Eachindividual normalization was examined by visually comparing
the normalized lesion mask overlaid on the FLAIR in the Montreal
Neurological Institute (MNI) space with the lesion mask and FLAIR
image in the native space. If necessary, manual corrections were
made to the segmentations in the MNI space.

Atlas-based lesion-symptom mapping

To relate the presence or absence of visual field and feature deficits
to lesion locations, we used lesion-symptom mapping. Atlas-based
lesion-symptom mapping was conducted using the statistical le-
sion analysis software NiiStat (https:/github.com/neurolabusc/
NiiStat). To delineate grey matter regions of interest (ROIs) we
used the Glasser atlas (https://figshare.com/articles/dataset/HCP-
MMP1_0_projected_on_MNI2009a_GM_volumetric_in_NIfTI_
format/3501911).*° The Glasser atlas is based on architecture, func-
tion, connectivity and topography and identifies 180 parcels per
hemisphere. We opted to investigate the entire brain, even though
our specific assumptions focused on the posterior regions, because
lesions upstream or downstream of these visual areas could also re-
sult in deficits in visual processing.
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Table 1 Numbers of patients included in all subgroups

S. Lugtmeijer et al.

Total n Non-impaired Impaired Percentage impaired
Visual features
Colour 153 115 38 25
Coherent motion 113 88 25 22
Orientation 178 146 32 18
Location 179 148 31 17
Texture 153 122 31 20
Shape 188 163 25 13
Contrast 153 134 19 12
Glossiness 137 119 18 13
Visual field defects
Right side 134 125 9 7
Left side 135 125 10 7

This atlas provides a good balance between granularity and stat-
istical utility. Its parcellation is fine grained enough to capture
meaningful functional organization of the brain, while maintaining
parcels large enough to leverage the advantages of atlas-based ana-
lyses. These larger parcels enhance statistical power in two ways:
they reduce the familywise error rate and effectively increase the
number of areas with sufficient coverage across participants.
Importantly, this approach relaxes the requirement for perfect le-
sion overlap, because damage affecting the same ROI can be ana-
lysed collectively even when individual lesions do not coincide
completely.

The lesion status of an ROl is represented by a binary score, de-
termined by the number of lesions affecting that ROI exceeding a
preset threshold. Because lesion volume is an important confound,
given that larger lesions tend to cause more severe deficits regard-
less of location,*! and in line with recommendations by DeMarco
and Turkeltaub,*” we regressed lesion volume on both the behav-
ioural scores and lesion data.*”*®> We analysed only ROIs that
were included in the lesion masks of >5% of the patients.**
Setting a minimum overlap threshold reduces a bias in the results
by voxels that are only rarely affected. It also prevents invalid stat-
istical tests by comparing data from a group against one person.*
To correct for multiple testing, we used permutation testing with
10000 permutations and a significance threshold of P <0.05.***%
Tests are one-sided because we expect decreased performance
only as a consequence of a lesion. For all lesion-symptom mapping
analyses, we controlled for the effects of age, education level
(scored on arange from one to seven, low to highly educated), inter-
val between stroke and assessment, scanner type and lesion vol-
ume. Participants with missing data in any of these control
variables were excluded from the analyses.

Setting threshold values for lesion-symptom mapping is guided
by recent publications but remain to some degree arbitrary.***
Therefore, to demonstrate that our results are robust, we ran extra
analyses that are presented as supplementary results. First, we ad-
dressed the choice in a-threshold for correction for multiple testing.
Controlling for familywise error rate using permutation threshold-
ing and a corrected a-level of 0.05 is often considered to be a gold
standard for lesion symptom mapping.*>*’ Given that we aimed
to investigate evidence, or lack thereof, for a modular visual sys-
tem, we included analyses with a more lenient a-level of 0.1 in
the Supplementary material, ‘Results’ Section I. To test for the ro-
bustness of our results we also included a stricter o-level of 0.001.

Second, setting the threshold for the sufficient lesion affection
influences how many ROIs are included in the analyses. Setting a
high threshold results in low coverage of the brain, whereas too

low a threshold results in more displacement of lesion-symptom
relationships.** In the analyses in the main manuscript, we applied
the commonly used threshold of 5% of the patients.**
Supplementary material, ‘Results’ Section II includes the results
with a lower threshold of four patients.*

Finally, advantages of atlas-based analyses include the increase
of statistical power by reducing the number of tests and leveraging
accumulative lesion burden in each ROI. However, for functions
that are highly localized, an atlas-based approach might add noise,
making it harder to detect a real effect. To address this, we ran our
analyses voxel-wise (Supplementary material, ‘Results’ Section III).

Lesions cause local disruptions in function but also disconnections
between distant regions. For each lesion, a disconnectome map of
white matter pathway disconnection probabilities was calculated
using BCBtoolkit.*® In this approach, a set of 10 healthy control
diffusion-weighted imaging datasets* is used to track fibres pas-
sing through the lesions in patients. The lesions in the MNI space
are registered to each control native space using affine and diffeo-
morphic deformations®®°! and are subsequently used as seed for
the tractography (https:/trackvis.org/).> Tractographies from the
lesions are transformed in visitation maps,® binarized and trans-
formed back to MNI space using the inverse of precedent deforma-
tions. Next, a percentage overlap map is created by summing, at
each point in MNI space, the normalized visitation map of each
healthy subject. The resulting disconnectome map takes into ac-
count the interindividual variability of tract reconstructions in con-
trols and indicates a probability of disconnection from 0 to 100% for
a given lesion. Finally, the disconnectome maps are binarized with
a cut-off at the default value of 50%. These binarized diconnectome
maps are subsequently used for the same atlas-based analyses as
those of the original binary lesion maps. In this case, a probability
of >50% of disconnection of Glasser grey matter areas is related to
visual deficits.

Associations between the performance on the visual tasks (behav-
ioural measures) and lesion volumes were tested with partial corre-
lations (Pearson’s r), adjusting for age, education level, interval
between stroke and assessment, and scanner type. Given that the
lesion volumes were not normally distributed, the significance of
the correlations was assessed by permutation testing with 10 000
permutations, in line with the lesion-symptom mapping analyses.
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Results

From our initial cohort of 307 stroke patients, we obtained varying
sample sizes for each visual task. The colour task included 224 pa-
tients, orientation 263, motion 172, location 261, texture 222, shape
273, contrast 226 and glossiness 194. Missing data on single tasks
were attributable to fatigue or time constraints. We excluded 104
patients from all visual feature analyses for various reasons: 91
had no available lesion data, 7 presented with hemianopia, 2 ex-
perienced technical errors during task execution, and 4 had missing
demographic control variables.

We were also able to assess the visual field deficits of 198 pa-
tients. Of these, 54 patients were excluded from analyses owing
to no lesion data available (n=47), technical error when executing
the task (n=1), no visual field abnormality specification (n=1), or
abnormality other than left or right visual field abnormality (n=5).

Table 1 presents the final sample sizes for all subgroups, includ-
ing the number of impaired patients for each visual feature and vis-
ual field deficit assessment. Table 2 summarizes the clinical and
demographic characteristics of all included patients. It is important
to note that sample sizes vary across tasks owing to differences in
data availability. Consequently, some patients might be included in
certain analyses but not in others.

Given that lesion volume is often correlated with symptom severity,
it is recommended to control for lesion volume in lesion-symptom
analyses.*? As an initial step, we investigated the relationship
between lesion volume and behavioural measures for all partici-
pant subgroups (groups based on availability of data) using partial
correlations. These analyses accounted for the effects of age, edu-
cation, interval between stroke and assessment, and scanner
type. The significance of these correlations was assessed using per-
mutation tests with 10 000 permutations. We found no significant
associations between lesion volumes and task scores after applying
false discovery rate correction for multiple comparisons.

The lack of correlations suggests that the overall size of the le-
sion might not be a significant predictor of performance on our vis-
ual processing tasks. Instead, the specific location of the lesion
might be more crucial, highlighting the importance of our subse-
quent lesion-symptom mapping analyses.

Given thatitis well documented that visual field deficits are strong-
ly related to lesions in early visual areas in the contralateral hemi-
sphere, we initially aimed to confirm this relationship in our
sample. Demonstrating this association shows the validity of our
analysis method. Our analysis of visual field defects indeed aligned
with existing literature,>**> mapping these deficits to the early vis-
ual cortex. For left field visual defects, we analysed 123 of 360 grey-
matter ROIs from the Glasser atlas, which had sufficient lesion
coverage (>5%, corresponding to at least seven lesions; for a com-
plete list, see Supplementary Table 1). Given that a score of zero in-
dicates non-impaired performance and one impaired, only z-scores
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Table 2 Clinical characteristics of all included patients

Parameter Value

All patients, n 200
Age (years), mean (SD) [range] 59.4 (13.2) [19-83]
Male/female, n (%) 140/60 (70/30)

Education level®, mean (SD) 5.3(1.28)
NIHSS®, mean (SD) 6.4 (5.83)
Time since stroke®, mean (SD) 8.3 (4.89)

Stroke laterality r:l:b (%)
Median lesion volume (cm?) [range]
Median lesion volume (cm?), r:lb

82 (44.3%):74 (40%):29 (15.7%)
6.43 [<0.01-357.47]
7.59:4.74:6.97

NIHSS = National Institutes of Health Stroke Scale; r:1:b = right:left:bilateral; SD =
standard deviation.

“Education on a seven-point scale, ranging from one (primary education) to seven
(university education).

®Interval between stroke and assessment (in weeks).

exceeding the positive z-threshold are meaningful. After control-
ling for age, education, interval between stroke and assessment,
scanner type and lesion volume, we found significant correlations
with lesion status in six right hemisphere regions (threshold
z>4.76; Fig. 3): primary visual cortex (V1; z=7.74), second visual
area (V2; z=7.50), third visual area (V3; z=5.76), prestriate area
(z=7.07), parahippocampal area 3 (z = 6.56) and ventral visual com-
plex (z=4.80) (see Fig. 3).

For right field visual defects, 111 ROIs had sufficient lesion
coverage (Supplementary Table 2). Significant correlations
emerged in three left hemisphere regions (threshold z > 4.93): pri-
mary visual cortex (V1; z=6.43), second visual area (V2; z=6.53)
and third visual area (V3; z=5.83) (see Fig. 3).

Our results regarding the relationship between visual field deficits
and early visual areas showed that using atlas-based lesion-
symptom mapping, we can detect localized functions in the visual
system. Our main aim was to investigate whether those localized
associations can also be found for mid-level visual features and
whether these map onto areas in the visual cortex as described in
the literature. Figure 4 illustrates the distribution of lesions for all
included patients, and Fig. 5 illustrates the distribution of lesions
in patients with impairments for each visual feature. The number
of ROIs with sufficient lesion coverage (>5% of the sample) varied
across visual features owing to differences in task completion
(mean=121.9, standard deviation=11.6; for complete lists, see
Supplementary Tables 3-10). All analyses controlled for age, educa-
tion, interval between stroke and assessment, scanner type and le-
sion volume.

The lesion-symptom mapping results indicate minimal rela-
tionship between lesions in specific brain areas and the processing
of the eight mid-level visual features. Higher scores denote deficits,
hence only values below the negative z-threshold are significant.

Atlas-based lesion—-symptom mapping revealed no significant
associations between lesion status and performance on any of
the visual feature tasks or the total number of feature deficits.

To test the reliability of our results, we repeated our analyses in
four different ways: (i) with continuous instead of binarized scores
for performance on visual features (Supplementary material,
‘Results’ Section I); (i) with a more lenient (0.1) and stricter (0.001)
corrected a-level for permutation testing for family-wise error
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- Left visual field defects

Right visual field defects

Figure 3 Significant associations from the atlas-based lesion-symptom mapping analyses. All results are controlled for age, education, interval be-
tween stroke and assessment, scanner and lesion volume and are corrected for multiple testing, using permutation testing (10 000 permutations, cor-
rected P < 0.05). Numbers refer to Montreal Neurological Institute coordinates. The left hemisphere is depicted on the left.

rate (Supplementary material, ‘Results’ Section II); (iii) with a lower
threshold for sufficient lesion affection (Supplementary material,
‘Results’ Section III); and (iv) using voxel-wise instead of atlas-
based analyses (Supplementary material, ‘Results’ Section III).
Taken together, the results of these analyses align with those of
the primary analyses, reinforcing the robustness of our findings.

Disconnectome maps

Lesions not only cause local disruptions but also disconnect brain
areas. White matter disconnection might lead to impaired func-
tioning in regions distant from the lesion itself. Disconnectome
maps estimate, for every voxel, the probability of being discon-
nected based on the binary lesion. Applying the same atlas-based
lesion-symptom mapping analyses to these disconnectome maps
provides insight into the distant effects of lesions. For three pa-
tients, the disconnectome map could not be determined owing to
small focal grey matter lesions.

Visual field defects

For left field visual defects, of the 360 grey-matter ROIs included in
the Glasser atlas, 267 had sufficient lesion coverage (>5% corre-
sponded to at least seven lesions; for a list of included ROIs, see
Supplementary Table 11) to be included in the analysis.
Significant correlations were found with disconnectome maps after
controlling for age, education, interval between stroke and assess-
ment, scanner, and lesion volume in 19 regions (threshold z > 4.95).
All ROIs were in the right hemisphere, predominantly in the visual
cortex, extending into the medial temporal cortex.

For right field visual defects, of the 360 grey-matter ROIs in-
cluded in the Glasser atlas, 263 had sufficient lesion coverage (at

least seven lesions; Supplementary Table 12). Significant correla-
tions were found with disconnectome maps after controlling for
age, education, interval between stroke and assessment, scanner,
and lesion volume in 14 areas (threshold z > 5.12) in the left hemi-
sphere in the visual and medial temporal cortex.

Visual features

The lesion-symptom mapping results indicate that there is no rela-
tionship or minimal relationship between lesions in specific brain
areas and their corresponding disconnectome maps and the pro-
cessing of the eight mid-level visual features and total number of
feature deficits.

Only for motion, a significant correlation was found in the right
temporo-parietal junction (z=3.87) and an area in the lateral
occipital cortex in the right hemisphere (LO3, z=3.70, threshold
z>3.67). The temporo-parietal junction has been associated with
many cognitive functions, mainly related to integration of informa-
tion and contextual updating,® but not specifically to processing of
motion. In contrast, LO3 is thought to integrate motion and shape
information.®” Our study suggests that disconnection of these
areas, instead of direct tissue loss, results in deficits in motion
perception.

Previous studies have shown that directly disconnected regions
correspond more strongly to task-related fMRI meta-analytical
maps than lesions alone.*®**® Furthermore, white matter discon-
nections are a strong predictor of neuropsychological test scores
1 year after stroke.”® Our results do show a strong association be-
tween disconnection of visual regions and visual field defects but
not for most mid-level visual features. This could be related to in-
direct effects of stroke lesions in distant regions that are function-
ally but not structurally connected. However, like task-fMRI studies
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Figure 4 Lesion prevalence map for all included patients (n = 200). Numbers refer to Montreal Neurological Institute coordinates. The left hemisphere
is depicted on the left. The colour bar indicates the number of patients with a lesion for each voxel.

in healthy subjects, investigating the relationship between lesions
and functional networks related to visual feature perception would
identify networks involved in rather than required for feature per-
ception.*® In sum, our disconnection analyses, in line with our le-
sion location analyses, provide evidence for localization of visual
field defects but only very limited for mid-level feature defects.

Discussion

This study represents the first large-scale investigation into the neur-
al foundations of mid-level visual feature processing in ischaemic
stroke patients. We examined eight key visual features: colour, shape,
contrast, location, orientation, glossiness, coherent motion and tex-
ture. Contrary to expectations, we did not observe consistent associa-
tions between behavioural impairments in these visual features and
specific brain regions. This lack of clear localization is particularly
striking given the well-established literature on the topic. Our findings
challenge the prevailing conventional model of visual processing and
offer new insights into the visual architecture of the brain.

For decades, neuroscientific research has posited strong links
between certain brain areas and specific visual functions. Area
V4, for instance, has been widely regarded as a critical hub for col-
our processing, whereas area MT/V5 has been similarly associated
with motion perception.*®° Our results, however, suggest a more
complex and perhaps distributed pattern of visual processing that
does not align neatly with these traditional demarcations.

Moreover, our findings could have implications for the long-
standing ‘binding problem’ in visual neuroscience. This problem
arises from the notion of strong separation in mid-level feature pro-
cessing, where different visual attributes are supposedly processed
in distinct brain regions and must later be integrated to form coher-
ent percepts. The absence of clear regional specificity in our results
could suggest that this binding problem might be less pronounced
than previously thought, or perhaps has been conceptualized
incorrectly.

The absence of significant associations between behavioural
impairments and specific brain regions is unlikely to stem from
limitations in the sensitivity of our visual tasks. Our testing ap-
proach incorporated several methodological strengths that en-
hanced our ability to detect subtle deficits. First, our innovative
gaze-contingent testing set-up allowed precise control over stimu-
lus presentation and enabled separate testing of each hemifield.
The effectiveness of this approach is demonstrated by its high com-
pletion rate across our patient population, including those with
aphasia or motor difficulties." Second, our tasks were carefully ca-
librated based on established research. For example, the red-green
range in our colour perception task was specifically chosen based
on seminal studies of colour perception in stroke patients.t*®?
Third, the pattern of results itself supports the sensitivity of tasks:

we observed arich and differentiated set of deficits across patients,
with varying degrees of impairment across different visual fea-
tures. This variability in performance indicates that our tasks suc-
cessfully captured meaningful differences in visual processing
capabilities, rather than producing ceiling or floor effects that
would suggest limited sensitivity.

An inherent limitation in stroke lesion studies stems from the
vascular architecture of the brain. As documented by Sperber and
Karnath,** the distribution of stroke lesions is not uniform across
the brain, with some regions being less susceptible to stroke dam-
age. This anatomical constraint affects our ability to study certain
regions that previous research has linked to specific visual process-
ing functions. For instance, despite our large sample size, we found
limited coverage of area MT (labelled as MST in the Glasser atlas).
Nevertheless, our patient sample exhibited impairments across all
visual features examined, even in cases where the putative critical
regions showed limited lesion coverage. This dissociation is par-
ticularly striking in the case of colour and shape processing: trad-
itional models would predict deficits in these domains to emerge
from right V4 damage, whereas our patients exhibiting colour and
shape deficits showed no consistent pattern of V4 lesions. This find-
ing challenges the straightforward mapping between V4 damage
and specific visual processing impairments. Our results are weaker
with regard to area MT and deficits in motion processing. Although
we observe a substantial number of deficits in motion perception,
we have few patients with lesions in area MT. Those patients that
we have do not have a clear deficit in motion processing, but there
are not enough of them to draw reliable conclusions, and the ober-
sevation that deficits in motion processing occur without damage to
area MT does not discount the importance of this area. Damage to
other areas, relaying information from MT, or connections between
area MT and other areas could also explain this pattern.

To ensure the reliability of our methodology, we included an as-
sessment of visual field defects. Our results clearly demonstrated a
link between contralesional damage in primary visual areas V1, V2
and V3 and visual field deficits. This finding, consistent with previ-
ous research,”®* validates the robustness of our approach and
lends credibility to our unexpected findings regarding mid-level
visual features.

Our findings raise an important methodological consideration
in understanding the organization of visual processing: the funda-
mental distinction between an area showing functional respon-
siveness to specific stimuli and the behavioural consequences of
damage to that area. This apparent discrepancy highlights a crucial
principle in cognitive neuroscience: functional activation of a brain
region during a task does not necessarily indicate that this region is
essential for performing that task. Areas can be part of broader pro-
cessing networks without being critical nodes whose damage
would result in specific deficits. The neural processing of mid-level
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Figure 5 Lesion prevalence maps for patients impaired on the visual feature tasks. Numbers refer to Montreal Neurological Institute coordinates. The
left hemisphere is depicted on the left. The colour bar indicates the number of patients with a lesion for each voxel.

visual qualities appears to be more resilient to focal damage than Our findings therefore do not support the traditional localiza-
would be predicted by a strictly modular model where specific re- tionist view of the human visual brain but suggest instead that
gions are essential for processing particular qualities.®*%° the processing of these fundamental visual qualities involves
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more distributed networks rather than being confined to specific
cortical regions. This interpretation aligns with more recent
network-based models of visual processing, where multiple regions
can support fundamental visual functions through distributed pro-
cessing mechanisms. The results indirectly support the alternative,
patchwork model of the visual brain, which proposes that visual
maps represent constellations of co-occurring information in the
external world rather than being tuned to specific visual categor-
ies.?®*° Although the absence of evidence is not evidence of ab-
sence, our data align with a large number of recent imaging
studies®® and perspectives,?”"?® suggesting that although certain
areas might preferentially process specific visual qualities, this pro-
cessing is not dependent exclusively on these regions.

Our study advances theoretical understanding of mid-level vis-
ual feature processing across the human visual brain. It suggests
that the organization of the brain for visual processing might be
more flexible and interconnected than previously thought, poten-
tially resolving longstanding issues, such as the ‘binding problem’
in visual perception.

The clinical implications of our findings are significant.
Understanding how the location of an infarct relates to neurological
outcomes is crucial for both understanding stroke pathogenesis
and guiding recovery processes. Our results suggest that recovery
and rehabilitation strategies might benefit from targeting broader
networks rather than focusing solely on traditionally defined ‘spe-
cialized’ regions.

Data availability

The data that support the findings of this study are openly available
on Open Science Framework (OSF) at osf.io/yq93s.

Acknowledgements

The Visual Brain Group is Anouk R. Smits, Ben A. Schmand, Edward
H. F. de Haan, Frank Erik de Leeuw, Gert jan Luijckx, H. Steven
Scholte, Joke M. Spikman, L. Jaap Kappelle, Linda Geerligs,
Martine J. E. van Zandvoort, Matthan W. A. Caan, Matthijs
A. H. L. L. Raemaekers, Mathias Prokop, Nick F. Ramsey, Nikki
A. Lammers, Nils S. van den Berg, Noor Seijdel, Paul
J. Nederkoorn, Rients B. Huitema, Bob Kentridge, Roy P. C. Kessels,
Selma Lugtmeijer and Yair Pinto.

Funding

This study was supported by a European Research Council
Advanced (ERC Advanced) Grant (#339374) awarded to E.H.F.d.H.

Competing interests

The authors report no competing interests.

Supplementary material

Supplementary material is available at Brain online.

References

1. Goodale MA, Milner AD. Separate visual pathways for percep-
tion and action. Trends Neurosci. 1992;15:20-25.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

BRAIN 2025: 148; 1144-1154 | 1153

Felleman DJ, Van Essen DC. Distributed hierarchical processing
in the primate cerebral cortex. Cereb Cortex. 1991;1:1-47.

Zeki SM. Fucntional specialization and binocular interaction in
the visual areas of rhesus monkey prestriate cortex. Proc R Soc
Lond B Biol Sci. 1979;204:379-397.

Zeki SM. Functional specialisation in the visual cortex of the
rhesus monkey. Nature. 1978;274:423-428.

Conway BR, Chatterjee S, Field GD, et al. Advances in color sci-
ence: From retina to behavior. ] Neurosci. 2010;30:14955-14963.
Lafer-Sousa R, Conway BR, Kanwisher NG. Color-biased regions
of the ventral visual pathway lie between face- and place-
selective regions in humans, as in macaques. J Neurosci. 2016;
36:1682-1697.

Beckers G, Homberg V. Cerebral visual motion blindness:
Transitory akinetopsia induced by transcranial magnetic stimu-
lation of human area V5. Proc R Soc Lond B Biol Sci. 1992;249:
173-178.

Hotson J, Braun D, Herzberg W, Boman D. Transcranial magnet-
ic stimulation of extrastriate cortex degrades human motion
direction discrimination. Vision Res. 1994;34:2115-2123.
Schwarzkopf DS, Silvanto ], Rees G. Stochastic resonance effects
reveal the neural mechanisms of transcranial magnetic stimu-
lation. J Neurosci. 2011;31:3143-3147.

Pascual-Leone A, Walsh V. Fast backprojections from the mo-
tion to the primary visual area necessary for visual awareness.
Science. 2001;292:510-512.

Antal A, Kincses TZ, Nitsche MA, Bartfai O, Paulus W. Excitability
changes induced in the human primary visual cortex by tran-
scranial direct current stimulation: Direct electrophysiological
evidence. Investig Ophthalmol Vis Sci. 2004;45:702-707.

Silvanto J, Lavie N, Walsh V. Double dissociation of V1 and V5/
MT activity in visual awareness. Cereb Cortex. 2005;15:1736-1741.
Silvanto J, Muggleton NG. Testing the validity of the TMS state-
dependency approach: Targeting functionally distinct motion-
selective neural populations in visual areas V1/V2 and V5/MT+.
Neuroimage. 2008;40:1841-1848.

Newsome WT, Pare EB. A selective impairment of motion per-
ception following lesions of the middle temporal visual area
(MT). J Neurosci. 1988;8:2201-2211.

Zihl], Von Cramon D, Mai N. Selective disturbance of movement
vision after bilateral brain damage. Brain. 1983;106:313-340.
Zihl ], Von Cramon D, Mai N, Schmid CH. Disturbance of move-
ment vision after bilateral posterior brain damage: Further evi-
dence and follow up observations. Brain. 1991;114:2235-2252.
Zihl ], Heywood CA. The contribution of LM to the neuroscience
of movement vision. Front Integr Neurosci. 2015;9:6.

Vaina LM. Functional segregation of color and motion process-
ing in the human visual cortex: Clinical evidence. Cereb. Cortex.
1994,4:555-572.

Treisman A. The binding problem. Curr Opin Neurobiol. 1996;6:
171-178.

Wolfe JM, Cave KR. The psychophysical evidence for a binding
problem in human vision. Neuron. 1999;24:11-17.

LiP, Zhu S, Chen M, et al. A motion direction preference map in
monkey V4. Neuron. 2013;78:376-388.

Seidemann E, Poirson AB, Wandell BA, Newsome WT. Color sig-
nals in area MT of the macaque monkey. Neuron. 1999;24:911-917.
Conway BR. Color signals through dorsal and ventral visual
pathways. Vis Neurosci. 2014;31:197-209.

Banno T, Ichinohe N, Rockland KS, Komatsu H. Reciprocal con-
nectivity of identified color-processing modules in the monkey
inferior temporal cortex. Cereb Cortex. 2011;21:1295-1310.
Cowey A. Cortical visual areas and the neurobiology of higher
visual processes. In: Gazzaniga MS, ed. The neuropsychology of

920z Aieniga4 61 UO Jasn weplaiswy UBA IBNSISAIUN AQ €Y0ZS6.L/P L L/Y/8Y L/8Io1e/ulelq/woo dno-olwspeoe//:sdny Wwolj pepeojumoq


http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaf009#supplementary-data

1154 |

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

BRAIN 2025: 148; 1144-1154

high-level vision: Collected tutorial essays. 1st edn. Lawrence
Erlbaum Associates; 1994:3-31.

Basole A, White LE, Fitzpatrick D. Mapping multiple features in
the population response of visual cortex. Nature. 2003;423:
986-990.

Kravitz DJ, Saleem KS, Baker CI, Mishkin M. A new neural frame-
work for visuospatial processing. Nat Rev Neurosci. 2011;12:
217-230.

Kravitz DJ, Saleem KS, Baker CI, Ungerleider LG, Mishkin M. The
ventral visual pathway: An expanded neural framework for the
processing of object quality. Trends Cogn Sci. 2013;17:26-49.

De Haan EH, Cowey A. On the usefulness of ‘what’ and ‘where’
pathways in vision. Trends Cogn Sci. 2011;15:460-466.

De Haan EH. Impaired vision: How the visual world may change after
brain damage: Wiley; 2019:246-251.

Lammers NA, Van den Berg NS, Lugtmeijer S, Smits AR, Pinto Y,
de Haan EHF. Mid-range visual deficits after stroke: Prevalence
and co-occurrence. PLoS One. 2022;17:e0262886.

Lugtmeijer S, Geerligs L, de Leeuw FE, de Haan EHF, Kessels RPC;
Visual Brain Group. Are visual working memory and
episodic memory distinct processes? Insight from stroke pa-
tients by lesion-symptom mapping. Brain Struct Funct. 2021,
226:1713-1726.

van den Berg NS, Lammers NA, Smits AR, Lugtmeijer S, Pinto Y,
De Haan EHF. Mid-range visual functions in relation to higher-
order visual functions after stroke. J Clin Exp Neuropsychol.
2022;44:580-591.

Jorm AF. The informant questionnaire on cognitive decline in
the elderly (IQCODE): A review. Int Psychogeriatr. 2004;16:
275-293.

Brodatz P. Textures: A photographic Album for artists and designers.
Dover Publications, 1966.

Yushkevich PA, Piven J, Hazlett HC, et al. User-guided 3D active
contour segmentation of anatomical structures: Significantly
improved efficiency and reliability. Neuroimage. 2006;31:
1116-1128.

Crinion J, Ashburner J, Leff A, Brett M, Price C, Friston K. Spatial
normalization of lesioned brains: Performance evaluation and
impact on fMRI analyses. Neuroimage. 2007;37:866-875.

Rorden C, Bonilha L, Fridriksson J, Bender B, Karnath HO.
Age-specific CT and MRI templates for spatial normalization.
Neuroimage. 2012;61:957-965.

Nachev P, Coulthard E, Jager HR, Kennard C, Husain M.
Enantiomorphic normalization of focally lesioned brains.
Neuroimage. 2008;39:1215-1226.

Glasser MF, Coalson TS, Robinson EC, et al. A multi-modal par-
cellation of human cerebral cortex. Nature. 2016;536:171-178.
Price CJ, Hope TM, Seghier ML. Ten problems and solutions
when predicting individual outcome from lesion site after
stroke. Neuroimage. 2017;145(Pt B):200-208.

DeMarco AT, Turkeltaub PE. A multivariate lesion symptom
mapping toolbox and examination of lesion-volume biases
and correction methods in lesion-symptom mapping. Hum
Brain Mapp. 2018;39:4169-4182.

Lugtmeijer S, Schneegans S, Lammers NA, et al. Consequence of
stroke for feature recall and binding in visual working memory.
Neurobiol Learn Mem. 2021;179:107387.

Sperber C, Karnath HO. Impact of correction factors in human
brain lesion-behavior inference. Hum Brain Mapp. 2017;38:
1692-1701.

Sperber C, Gallucci L, Smaczny S, Umarova R. Bayesian lesion-
deficit inference with Bayes factor mapping: Key advantages,
limitations, and a toolbox. Neuroimage. 2023;271:120008.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

S. Lugtmeijer et al.

Karnath HO, Sperber C, Rorden C. Mapping human brain lesions
and their functional consequences. Neuroimage. 2018;165:180-189.
Mirman D, Landrigan JF, Kokolis S, Verillo S, Ferrara C, Pustina
D. Corrections for multiple comparisons in voxel-based lesion-
symptom mapping. Neuropsychologia. 2018;115:112-123.

Foulon C, Cerliani L, Kinkingnéhun S, et al. Advanced lesion
symptom mapping analyses and implementation as
BCBtoolkit. Gigascience. 2018;7:1-17.

Rojkova K, Volle E, Urbanski M, Humbert F, Dell’Acqua F,
Thiebaut de Schotten M. Atlasing the frontal lobe connections
and their variability due to age and education: A spherical de-
convolution tractography study. Brain Struct Funct. 2016;221:
1751-1766.

Klein A, Andersson J, Ardekani BA, et al. Evaluation of 14 non-
linear deformation algorithms applied to human brain MRI
registration. Neuroimage. 2009;46:786-802.

Avants BB, Tustison NJ, Song G, Cook PA, Klein A, Gee JC. A re-
producible evaluation of ANTs similarity metric performance
in brain image registration. Neuroimage. 2011;54:2033-2044.
Wang R, Benner T, Sorensen AG, Wedeen VJ. Diffusion toolkit:
A software package for diffusion imaging data processing and
tractography. Proceedings of the 15th annual meeting of the
International Society for Magnetic Resonance in Medicine. 19-25
May 2007; Berlin, Germany. Abstract 3720.

Thiebaut de Schotten M, Ffytche DH, Bizzi A, et al. Atlasingloca-
tion, asymmetry and inter-subject variability of white matter
tracts in the human brain with MR diffusion tractography.
Neuroimage. 2011;54:49-59.

Burr DC, Ross J. Contrast sensitivity at high velocities. Vision Res.
1982;22:479-484.

Pambakian AL, Kennard C. Can visual function be restored in
patients with homonymous hemianopia? Br ] Ophthalmol.
1997;81:324-328.

Geng JJ, Vossel S. Re-evaluating the role of TPJ in attentional
control: Contextual updating? Neurosci Biobehav Rev. 2013;37:
2608-2620.

Jitsuishi T, Hirono S, Yamamoto T, Kitajo K, Iwadate Y,
Yamaguchi A. White matter dissection and structural connect-
ivity of the human vertical occipital fasciculus to link vision-
associated brain cortex. Sci Rep. 2020;10:820.

Thiebaut de Schotten M, Foulon C, Nachev P. Brain disconnec-
tions link structural connectivity with function and behaviour.
Nat Commun. 2020;11:5094.

Talozzi L, Forkel SJ, Pacella V, et al. Latent disconnectome pre-
diction of long-term cognitive-behavioural symptoms in stroke.
Brain. 2023;146:1963-1978.

Livingstone M, Hubel D. Segregation of form, color, movement,
and depth: Anatomy, physiology, and perception. Science. 1988;
240:740-749.

de Haan EH, Heywood CA, Young AW, Edelstyn N, Newcombe F.
Ettlinger revisited: The relation between agnosia and sensory
impairment. ] Neurol Neurosurg Psychiatry. 1995;58:350-356.
Nijboer TCW, van Zandvoort MJE, de Haan EHF. Covert colour pro-
cessing in colour agnosia. Neuropsychologia. 2006;44:1437-1443.
Zhang X, Kedar S, Lynn MJ, Newman NJ, Biousse V.
Homonymous hemianopias: Clinical-anatomic correlations in
904 cases. Neurology. 2006;66:906-910.

Rorden C, Karnath H-O. Using human brain lesions to infer
function: A relic from a past era in the fMRI age? Nat Rev
Neurosci. 2004;5:813-819.

Vaidya AR, Pujara MS, Petrides M, Murray EA, Fellows LK. Lesion
studies in contemporary neuroscience. Trends Cogn Sci. 2019;23:
653-671.

920z Aieniga4 61 UO Jasn weplaiswy UBA IBNSISAIUN AQ €Y0ZS6.L/P L L/Y/8Y L/8Io1e/ulelq/woo dno-olwspeoe//:sdny Wwolj pepeojumoq



	Introduction
	Materials and methods
	Study design
	Participants
	Visual assessment
	Visual field deficits
	Perception of visual features

	Imaging data acquisition
	Lesion segmentation and normalization
	Atlas-based lesion–symptom mapping
	Disconnectome maps
	Statistical analyses

	Results
	Participant selection
	Pairwise correlations between lesion volumes and task scores
	Atlas-based lesion–symptom mapping
	Visual field defects
	Visual features

	Disconnectome maps
	Visual field defects
	Visual features


	Discussion
	Data availability
	Acknowledgements
	Funding
	Competing interests
	Supplementary material
	References

