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Post-stroke sensory hypersensitivity:
insights from lesion-symptom
and disconnection mapping

®Hella Thielen,I Nora Tuts,I Lies Welkenhuyzen,"z’3 ®Robin Lemmens,4’5 Alain Wibail,6
Irene M. C. Huenges Wajer,” Christophe Lafosse,? Dante Mantini’ and Céline R. Gillebert'~

A post-injury increase in sensory sensitivity is frequently reported by acquired brain injury patients, including stroke patients. These
symptoms are related to poor functional outcomes, but their underlying neural mechanisms remain unclear. Since stroke results in
focal lesions that can easily be visualized on imaging, the lesions of stroke survivors can be used to study the neuroanatomy of
post-injury sensory hypersensitivity. We used multivariate support vector regression lesion-symptom mapping and indirect structural
disconnection mapping to uncover the lesion location and white matter tracts related to post-stroke sensory hypersensitivity. A total of
103 patients were included in the study, of which 47% reported post-stroke sensory hypersensitivity across different sensory modal-
ities. The lesion-symptom and structural connectivity mapping identified the putamen, thalamus, amygdala and insula in the grey
matter as well as fronto-insular tracts, and the fronto-striatal tract in the white matter as neural structures potentially involved in
post-stroke sensory hypersensitivity. By examining the neuroanatomy of post-stroke sensory hypersensitivity in a large stroke sample,
this study offers a significant advancement in our understanding of the neural basis of post-stroke sensory hypersensitivity.
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Graphical Abstract
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Post-stroke sensory hypersensitivity:
insights from lesion-symptom and disconnection mapping
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n=103
47% with post-stroke
sensory hypersensitivity

Significant clusters in the thalamus, insula and putamen
as well as the fronto-insular and fronto-striatal tracts

B Significant clusters identified based on the lesion-symptom mapping
B Significant clusters identified based on the disconnection-symptom mapping

Introduction

Successful participation in society depends on adequate
processing of sensory rich environments (e.g. buying
groceries in a busy supermarket, working in an open
office, having a conversation at a family gathering).
Individuals differ considerably in how sensitive they are to
these sensory environments, ranging from a low to a high
sensory sensitivity.""> Brain injuries, such as stroke, can
affect an individual’s sensory sensitivity, thereby changing
a person’s position along the sensory sensitivity con-
tinuum.>* Stroke, a disruption of blood supply to the brain

that results in neural damage, can lead to increased sensory
sensitivity, also termed post-stroke sensory hypersensitiv-
ity.** Patients with post-stroke sensory hypersensitivity
are easily overwhelmed by sensory rich environments,
which can negatively impact their mental well-being, social
functioning, and physical health.®” In a previous study,
76% of 204 chronic stroke patients reported post-stroke
sensory hypersensitivity in either one (uni-modal post-
stroke sensory hypersensitivity) or multiple sensory modal-
ities (multi-modal post-stroke sensory hypersensitivity).*
Notably, post-stroke sensory hypersensitivity can also oc-
cur in the subacute phase after stroke.®
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These symptoms are not specific to stroke patients but are
also seen after other types of acquired brain injury (traumatic
brain injury, brain tumours), in the neurotypical population,
and in several clinical populations, including individuals with
autism spectrum disorder, attention-deficit/hyperactivity dis-
order (ADHD), or chronic pain.*®'! Across these popula-
tions, the underlying mechanisms contributing to
self-reported sensory sensitivity remain largely unknown.
More specifically, it is uncertain whether inter-individual dif-
ferences in subjective (self-reported) sensory sensitivity are re-
lated to inter-individual differences in behavioural (i.e. the
ability to detect or discriminate between different sensory
stimuli) or neural sensory sensitivity (i.e. the neural response
to sensory stimuli).”? Characterizing the underlying behav-
ioural and neural mechanisms of subjective sensory sensitivity
is necessary for developing rehabilitation protocols that can
limit the negative impact of high sensory sensitivity on daily
functioning.

Stroke patients are ideal candidates for studying the neural
basis of sensory hypersensitivity after acquired brain injury
since stroke typically results in focal lesions that can be easily
visualized on routine clinical imaging. In a previous systematic
review that investigated the neuroanatomy of post-stroke sen-
sory hypersensitivity,’ we described four case studies that
linked uni-modal post-stroke sensory hypersensitivity (hyper-
sensitivity to visual, auditory, gustatory, olfactory stimuli) to
insular damage.'*"> We complemented these results with a
multiple case study describing three right-hemispheric stroke
cases with multi-modal post-stroke sensory hypersensitivity
whose lesions overlapped in the right anterior insula, the claus-
trum, and the Rolandic operculum.®

However, the results of the systematic review and the mul-
tiple case study might be biased. On the one hand, the sample
of our multiple case study was limited to patients with self-
reported post-stroke sensory hypersensitivity after right-
hemispheric damage. On the other hand, both the systematic
review and multiple case study only included patients with
self-reported post-stroke hypersensitivity without comparing
their lesion locations to those of patients without post-stroke
sensory hypersensitivity. This comparison is important, as the
insula is frequently affected following a middle cerebral artery
stroke.'® To mitigate these limitations, the brain lesions of
left- and right-hemispheric patients with and without post-
stroke sensory hypersensitivity should be compared to
investigate which region, when damaged, could result in post-
stroke sensory hypersensitivity. Lesion-symptom mapping is a
powerful technique that examines the relationship between
behaviour and brain damage without a priori defining a re-
gion of interest or excluding patients with or without certain
behavioural profiles.'” Traditionally, univariate lesion symp-
tom mapping techniques, compute, per voxel, if there is a
statistically significant difference in behaviour between
patients with and without damage in that voxel.'®
However, research has shown that multivariate lesion-
symptom mapping has a higher sensitivity and specificity
for identifying lesion-behaviour relationships than univariate
approaches.'” In contrast to

(voxelwise) univariate
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approaches, multivariate lesion-symptom mapping considers
the effect of all lesioned voxels simultaneously and acknowl-
edges intervoxel correlations (i.e. some voxels are often
damaged together due to the non-random distribution of le-
sions across the brain) when modeling lesion-behaviour rela-
tionships. Although multivariate lesion-symptom mapping
offers a topological approach that identifies specific grey mat-
ter regions that are necessary for certain functions, it does not
consider that brain lesions can have structural and functional
impacts on non-damaged parts of brain networks.?’ In add-
ition, since white matter tracts are spatially distributed, a dis-
connection at different locations among this tract can have
similar behavioural consequences.” White matter integrity
can be directly assessed using Diffusion Tensor Imaging but
this technique is hard to implement in a large patient sample
due to its reliance on high-quality nonclinical brain im-
aging.”>** To overcome these limitations, indirect structural
disconnection mapping can be used to map individual lesions
(normalized to a common template) onto a database of struc-
tural networks in neurologically healthy adults to estimate the
disruptions in white matter integrity caused by the
lesion,?2*%%3

This study aimed to investigate the neuroanatomy of post-
stroke sensory hypersensitivity in a first-ever subacute stroke
sample using multivariate lesion-symptom and disconnection
mapping. Learning more about the neuroanatomy of post-
stroke sensory hypersensitivity can greatly enhance our under-
standing of the underlying mechanisms of these subjective
symptoms as well as help identify patients that are at risk of de-
veloping post-stroke sensory hypersensitivity.

Materials and methods

Stroke patients were recruited between December 2019 and
January 2023 from the acute stroke unit of University
Hospitals Leuven and the rehabilitation units of RevArte
Rehabilitation Hospital and Hospital —East-Limburg.
Recruitment was halted between March 2020 and June
2020 due to the COVID-19 pandemic. Stroke patients were in-
cluded when (1) they were able to provide informed consent,
(2) they were adult (aged 18 years or older), (3) they completed
a patient-friendly sensory sensitivity questionnaire [the
Multi-modal Evaluation of Sensory Sensitivity (MESSY)], (4)
they were first-ever stroke survivors, (5) at least one clinical
brain scan was available, and (6) the stroke lesion was visible
on clinical imaging. Additional exclusion criteria were (1) the
presence of major microvascular damage (defined as Fazekas
grade 3),%° (2) having a subdural or subarachnoid haemor-
rhage, (3) presence of Wallerian degeneration, (4) having a
pre-existing neurological disorder (previous traumatic brain
injury, stroke, tumour), (5) having a formal diagnosis of aut-
ism spectrum disorder, ADHD or schizophrenia, and (6) hav-
ing another psychiatric disorder (e.g. post-traumatic stress
disorder) that could impact their sensory sensitivity. We did
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not exclude patients based on their lesion location, cognitive
profile or time since stroke.

Materials

The MESSY is a patient-friendly questionnaire that assesses
the sensitivity to sensory stimuli across several modalities
(i.e. multisensory, visual, auditory, tactile, olfactory, gusta-
tory and motion sensitivity as well as sensitivity to environ-
mental temperature).* Multisensory sensitivity refers to the
sensitivity to stimuli from different sensory modalities that
are present at the same time (e.g. the simultaneous presence
of visual, auditory, olfactory and gustatory stimuli in a res-
taurant). Per modality, the MESSY assesses whether patients
experience an increase in their sensory sensitivity after their
brain injury using open questions (i.e. ‘Since your brain in-
jury, have you become more sensitive to sounds? How did
you notice this or in which situations did you notice this?’).
These open questions are used to determine whether high sen-
sory sensitivity was linked to stroke onset (i.e. to differentiate
post-stroke symptoms from pre-existing sensory hypersensi-
tivity). In addition, the MESSY uses 30 multiple-choice items
which are answered on a five-point Likert-scale (ranging from
never/not at all to very often/extremely). The multiple-choice
items are summed to assess the severity of the sensory sensitiv-
ity per modality or across all modalities (i.e. total score of the
MESSY). The MESSY is an aphasia-friendly questionnaire,
since it uses pictograms, places one item per page, and dis-
plays key concepts in a question in bold.*” In this study we
used the pen-and-paper version of the MESSY that was devel-
oped for an inpatient acquired brain injury population.

The open-ended questions of the MESSY are used to assess
whether stroke patients experience post-stroke hypersensi-
tivity, this is an increase in their sensory sensitivity since their
stroke. If stroke patients indicated that they experienced a
post-stroke increase in their sensitivity to one or multiple
sensory modalities on the open-ended questions of the
MESSY, they were considered as having post-stroke sensory
hypersensitivity. Accordingly, patients in the group without
post-stroke sensory hypersensitivity reported no post-stroke
increase in their sensory sensitivity to any sensory modality.
The multiple-choice items of the MESSY assess the current
level of sensory sensitivity. Since patients with post-stroke
sensory hypersensitivity can differ in their pre-morbid levels
of sensory sensitivity, these total scores cannot be used to dis-
cern the severity of post-stroke changes in sensory sensitivity
without having a pre-morbid reference point.

To assess post-stroke cognition, we administered the Dutch
version of the Oxford Cognitive Screen (OCS) (version A).*8
This cognitive screening tool consists of 11 subtests assessing
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visual field deficits and various cognitive domains such as at-
tention, memory, language, praxis, and numeracy. In contrast
to other commonly used screening tools (such as the Montreal
Cognitive Assessment), the OCS provides domain-specific test
scores and is thought to be aphasia- and neglect-friendly.*” The
parallel-form reliability and convergent validity of the OCS
were deemed satisfactory by previous studies.””*"

During a structural anamnesis participants answered ques-
tions regarding several demographic variables (i.e. their
age, sex, education level) and their medical background.
Stroke type, time since stroke, the number of previous
strokes, and the score on the National Institute of Health
Stroke Scale (NIHSS)*' were gathered from the electronic
medical files of the stroke patients. The NIHSS score signifies
the severity of stroke-related neurological deficits with high-
er scores indicating more severe deficits. The NIHSS is used
to assess level of consciousness, visual field deficits, as well
as somatosensory, motor and language deficits.

This study is part of a larger study assessing post-stroke sensory
sensitivity. Ethical approval for this study was granted by the
Medical Ethics Committee of the Hospital of East-Limburg
(application number: CTU2019055), the Ethics Committee
Research UZ/KU Leuven (application number: S$63063),
and Medical Ethics Committee of the GasthuisZusters
Hospital Antwerp (application numbers: 190904ACADEM).
Participation consisted of three sessions, which were completed
in a distraction-free room. During the first session written in-
formed consent was obtained in accordance with the World
Medical Association Declaration of Helsinki. Afterwards, par-
ticipants completed the MESSY and the structural anamnesis.
Clinical imaging was acquired from the electronic medical files
of the stroke patients. During the three sessions, that lasted
~60 min each, patients completed additional neuropsycho-
logical tasks and questionnaires that are beyond the scope of
the current study. In patients who completed all three sessions,
there were on average 9 days between the first and the third ses-
sion (range: 2-28 days).

)2 and

Analyses were conducted in R (version 4.2.2
Matlab2024b.*>  Figures were created using Adobe

Photoshop (2020).

During the analyses of behavioural data, alpha was set to
0.05 and all reported P values were corrected for multiple
comparisons using the Holm method.?*

Lesions were delineated manually on the axial plane of a
clinical brain scan (Fluid Attenuated Inversion Recovery
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Table | The resolution of the included scans per scan
type

Mean voxel size [Range] (in mm)
Scan type n

X Y z
FLAIR 46 152 0.84 1.34
[0.49—6.45] [0.45-4.01] [0.46-6.5]
DWI 37 099 228 3.28
[0.57-1.2] [0.57—6.43] [0.9-6.48]
cT 20 1.04 0.52 1.71
[0.33-2.99] [0.32-2.61] [0.32-3]

(FLAIR): 7 = 46, Diffusion Weighted Imaging (DWI): n =37,
Computed Tomography (CT): 7 =20) using MRIcron and a
Wacom Cintiq Pro tablet by trained investigators (HT, NT)
(for details see Table 1). A recent study indicated that there
was no evidence for a difference in accuracy between CT- and
MRI-based lesion delineation.>® If multiple brain scans were
available for one patient, the scan used for lesion delineation
was selected following the procedure outlined by Biesbroek
et al.>® We used SPM12 (https:/www.fil.ion.ucl.ac.uk/spm) to
smooth the lesion masks at § mm full width half maximum, re-
sliced them to 2 mm isotropic voxels, and normalized them to
Montreal Neurological Institute (MNI) space by applying a non-
linear deformation calculated on the brain scan using the ‘old
segment’ function. All normalized lesion masks were visually in-
spected by comparing them both with the normalized brain scan
and with a template image in MNI space. If a small lesion focus
was removed due to smoothing, this focus was manually added
to the normalized lesion map.*®*® Descriptive lesion overlap
maps were created in MRIcron by superimposing individual le-
sion maps onto axial slices of the T1-weighted template from the
MNI (ch2-template).

To compare the lesion location of patients with and without
post-stroke sensory hypersensitivity, we performed a support
vector regression-based multivariate lesion-symptom mapping
(SVR-LSM)" using the SVR-LSM toolbox.** SVR-LSM uses
machine learning and SVRs (with a radial basis function) to
compute, for each voxel, a feature weight (a beta value) that re-
presents the strength of the relationship between that voxel and
the behaviour of interest. Since these feature weights cannot be
interpreted directly, permutation testing is used to assess their
statistical significance. In line with recommendations from
Zhang et al.”” the hyperparameter values of the machine learn-
ing algorithms were set a priori at a cost of 30 and a gamma of
5. We did not perform hyperparameter optimization to avoid
overfitting, which can lead to unstable, non-generalizable
models.**** Only voxels that were lesioned in at least five
participants (5% of the sample) were considered in the analysis.
To control for multiple comparisons, we used a permutation-
based continuous family wise error correction (with 2000 per-
mutations, P = 0.05, and v = 10) which permitted 10 false posi-
tive voxels (similar to Faulkner and Wilshire*’; Mirman
et al.**). To control for the effects of lesion volume and age,
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we regressed lesion volume out of the behavioural scores and le-
sion maps (following the recommendations of DeMarco and
Turkeltaub®®) and included age as a covariate, after standardiz-
ing it. Anatomic labelling was performed using the Automated
Anatomical Labelling Atlas 3.%

To compare white matter integrity between patients with and
without post-stroke sensory hypersensitivity, we conducted a
disconnection analysis using the Disconnection maps software
of the BCBroolkit (http:/toolkit.bcblab.com).** This software
estimates the probability of disconnection for each voxel by
projecting individual lesion maps onto existing white matter at-
lases generated from 7T DWI data in 179 neurotypical adults.*®
The lesion maps of the stroke patients served as a seed region for
tractography, allowing us to identify disrupted voxels. We clas-
sified a voxel as disconnected, when the probability of discon-
nection was above 50%. Descriptive disconnection overlap
maps were created by superimposing individual disconnection
maps onto axial slices of the T1-weighted template from the
MNI (ch2-template). For the statistical analysis, we applied
the same SVR approach used previously, by entering the discon-
nection maps as independent variables instead of the lesion
maps (similar to Weaver et al.*’). The analysis was restricted
to voxels that were disconnected in at least five patients, permu-
tation testing (with 2000 permutations) was performed to as-
sess the significance of the results, (standardized) age was
added as a covariate, and we controlled for total disconnection
volume by regressing it out of both the behavioural score and
the lesion data. Labelling of disconnected white matter tracts
was done by using the white matter atlas of Rojkova et al.*®
and the JHU white matter atlas implemented in MRlIcron.

Results

Of the 208 stroke patients that participated in the study, 103
patients were included in the analyses (see Fig. 1 for the par-
ticipant flow chart). Scans were acquired on average 6 days
after stroke (standard deviation: 12) and there were on aver-
age 17 days between acquisition of the scan and completion
of the MESSY (standard deviation: 26). Of the 103 included
patients, 55 patients (53 %) were recruited in an acute stroke
unit and 48 (47%) in a rehabilitation setting.

The majority of the included stroke patients (77%) had an is-
chemic stroke. Forty-eight stroke patients (48% of the final
sample) reported a post-stroke increase in their sensitivity to
sensory stimuli. The characteristics of stroke patients with
and without post-stroke sensory hypersensitivity are displayed
in Table 2 (for details see Supplementary Table 1). There was no
evidence for a significant difference between patients with and
without post-stroke sensory hypersensitivity in age, lesion vol-
ume, days between stroke onset and clinical imaging, days be-
tween stroke onset and MESSY completion, the proportion
of patients who completed higher education (Fisher’s exact


https://www.fil.ion.ucl.ac.uk/spm
http://toolkit.bcblab.com
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf176#supplementary-data
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Number of eligible
participants

n=519

Number of participants
invited for participation

n =409

Number of participants who
agreed to participate

n=208

Number of excluded participants

n =105
Having a previous stroke
(n=31)

Presence of major microvascular damage
(n=21)
Not having a visible lesion on clinical imaging
(n=16)

Having a subdural or
subarachnoid heamorrhage

(n=13)

No clinical brain scan was available
(n=8)

Participant did not complete the MESSY
(n=7)
Having a pre-existing neurological disorder
(n=5)
Poor quality of normalization of brain scans because of motion artefacts

(n=3)

Presence of Wallerian degeneration
(n=1)

Having a formal diagnosis of
autism spectrum disorder or ADHD
(n=1)

Having a psychiatric disorder that could
impact sensory sensitivity
(n=1)

'

Number of included participants

n=103

Figure | Flowchart of participant recruitment and inclusion. Of 519 eligible individuals, 409 were invited and 208 agreed to participate.
After exclusions for reasons such as prior stroke, major microvascular damage, no visible lesion on imaging, haemorrhage, missing or poor-quality
scans, and neurological or psychiatric conditions, 103 participants were included in the final analysis. ADHD, attention-deficit/hyperactivity

disorder; MESSY, multi-modal evaluation of sensory sensitivity.
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Table 2 Characteristics of the patients with and without post-stroke sensory hypersensitivity (n = 103)

Patients without post-stroke sensory

Patients with post-stroke sensory

hypersensitivity hypersensitivity
Number of patients 55 48
Age: mean (SD), in years 69 (12) 62 (15)
Age range: in years 29-89 26-90
Number of male patients (%) 35 (64%) 28 (58%)
Number of patients who completed higher education® 15 (28%) 19 (40%)

(%)

Number of patients with an ischemic/haemorrhagic
stroke (%)

Lesioned hemisphere:
left/right/bilateral:
number of patients (%)

Lesion volume: mean (SD), in cc

Time between MESSY completion and clinical imaging:
mean (SD), in days

Time between stroke onset and clinical imaging:
mean (SD), in days

MESSY Total Score
Possible range [30-150]

NIHSS score: mean (SD)

48 (87%)/7 (13%)

23 (42%)/26 (47%)16 (11%)

35 (73%)/13 (27%)

21 (44%)/25 (52%)/2 (4%)

41 (53) 36 (53)
1 (12) 26 (33)
4(8) 7 (16)

44 (13) 65 (17)
4(3) 5(4)

SD, standard deviation. Higher education: at least a bachelor degree awarded by a college or university. Cc, cubic centimetre. P values were adjusted for multiple comparisons using a
Holm correction.>* There were on average 9 days between MESSY completion and the completion of the NIHSS. The NIHSS scores of 17 patients with post-stroke sensory
hypersensitivity and five patients without post-stroke sensory hypersensitivity were missing. For a detailed version of this table see Supplementary Table |. *The education level of one
patient without post-stroke sensory hypersensitivity and one patient with post-stroke sensory hypersensitivity was not reported.

test: Holm adjusted P =1), NIHSS score, and cognitive per-
formance as assessed using the OCS-NL (see Supplementary
Tables 1 and 2). Furthermore, in patients with post-stroke sen-
sory hypersensitivity there was no evidence for a relationship
between the sensory sensitivity severity (the total score of the
MESSY) on the one hand, and lesion volume (Spearman rho:
—0.18, Holm adjusted P = 1), age (Spearman rho: 0.01, Holm
adjusted P=1), sex (Wilcoxon test: W: 171, Holm adjusted
P =0.23), NIHSS score (Spearman rho: —0.24, Holm adjusted
P=1), days between stroke onset and clinical imaging
(Spearman rho: —0.26, Holm adjusted P =0.67) and days be-
tween stroke onset and MESSY completion (Spearman rho:
—0.09, Holm adjusted P = 1) on the other hand.

Thirty-seven of the 48 patients with post-stroke sensory
hypersensitivity (77%) reported experiencing multi-modal
post-stroke sensory hypersensitivity: their increase in sensory
sensitivity was present in more than one sensory modality.
The number of patients who experienced an increased sensitiv-
ity per sensory modality as well as a description that partici-
pants gave to describe their heightened sensitivity to that
sensory modality are provided in Table 3. The total MESSY
score of patients with post-stroke sensory hypersensitivity
(i.e. the severity of sensory sensitivity) was significantly higher
as compared to stroke patients without post-stroke sensory
hypersensitivity (see Supplementary Table 1).

Figure 2 shows an overlay of the lesions (for the entire sam-
ple, and the patients with and without post-stroke sensory
hypersensitivity separately) as well of the voxels that were in-
cluded in the analysis (i.e. voxels that were lesioned in at least
five participants). The SVR-LSM identified a relationship

between post-stroke sensory hypersensitivity and clusters
of voxels in the left insula, thalamus, putamen and amygdala
based on the lesion maps (see Fig. 3 and Table 4). To test
whether these left-hemispheric results were merely due to a
lack of left-hemispheric control data, we conducted a supple-
mentary analysis where we flipped left-hemispheric lesions
(or the left-hemispheric part of bilateral lesions) onto the
right hemisphere (similar to Meyer et al.*® and Wang
et al.*®) (see Supplementary Analysis 1 and Supplementary
Fig. 1). The SVR-LSM on the flipped lesions identified signifi-
cant clusters in the thalamus and putamen (Supplementary
Table 3 and Supplementary Fig. 2).

Figure 4 shows an overlay of the disconnection maps (for the
entire sample, and the patients with and without post-stroke
sensory hypersensitivity separately) as well of the voxels that
were included in the analysis (i.e. voxels that were lesioned in
at least five participants). The structural disconnection map-
ping identified a relationship between post-stroke sensory
hypersensitivity and the fronto-insular tracts 3,4 and 5 as
well as the fronto-striatal tract (see Fig. 3 and Table 5).

Discussion

The aim of this study was to examine the neuroanatomy of
post-stroke sensory hypersensitivity (i.e. an increase in sen-
sory sensitivity after stroke) in a subacute stroke sample
using state-of-the-art techniques. We found evidence for a
relationship between post-stroke sensory hypersensitivity


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf176#supplementary-data
http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf176#supplementary-data
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http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf176#supplementary-data
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Table 3 The number of patients with post-stroke sensory hypersensitivity for a specific modality as well as examples

of descriptions patients gave to describe their symptoms

Number of patients with post-stroke
sensory hypersensitivity for a specific

Examples of descriptions patients gave to describe their

Sensory modality modality symptoms

Multisensory 33 ‘I get overwhelmed during my physical therapy. | feel like there is too much
happening all at once (listening to my therapist, other people moving around
me, the sunlight that shines through the windows, and the radio that is on).”

‘| detest having visitors: it makes me feel anxious and stressed when there are
too many people around me. Before my stroke | was very social.”

Visual 29 ‘Since my stroke | started disliking bright sunlight and fast moving images on the
television.”

Auditory 21 ‘I notice that | experience typical sounds, such as the sound of my playing
grandchildren or music, as highly aversive. Being surrounded by these sounds
gives me a headache and makes me feel exhausted.”

Motion 16 ‘When | am seated in a moving car or when | am driven around in my
wheelchair, it feels like everything around me is moving. This makes me
incredibly nauseous and feels very unstable (like | am going to tip over).”

Environmental temperature Il ‘I get overwhelmed by the slightest increase in temperature.’

Olfactory 8 ‘My sense of smell has increased since my stroke. Smells of detergent or makeup
are much more intense than before more stroke.’

Gustatory 2 ‘Sweet or sour foods taste incredibly intense. | have stopped eating certain foods

Tactile |

due to this increase in taste.”
‘Since my stroke I feel overwhelmed by brushing my hair (when the comb lightly
touches my scalp) or when my wife touches my arm. | avoid physical contact.”

Patients who reported multi-modal post-stroke sensory hypersensitivity are counted multiple times in this table. Sensory modalities were ordered from most to least prevalent.

and damage to the insula as well as disconnection of
fronto-insular tracts (see Fig. 3, Tables 4 and 5). This corre-
sponds with previous case studies that described uni- or
multi-modal post-stroke sensory hypersensitivity after insu-
lar damage as well as fMRI research linking insula activation
and sensory hypersensitivity in fibromyalgia patients.®> 214
In addition, our results suggest an association between
post-stroke sensory hypersensitivity and damage to other
structures such as the thalamus, putamen, amygdala and
frontal-striatal tracts (see Fig. 3, Tables 4 and 5), which cor-
responds to previous fMRI research linking the amygdala
and thalamus to sensory hypersensitivity in children with
ASD.>%5! This study provides a significant advancement in
our understanding of the neural basis of post-stroke sensory
hypersensitivity as it studied the neuroanatomy of these
symptoms in a large stroke sample.

As empirical evidence regarding the underlying behavioural
mechanisms of post-stroke sensory hypersensitivity is lim-
ited,>°%%? the association between post-stroke sensory
hypersensitivity on the one hand and lesions to the insula,
amygdala, thalamus, putamen, fronto-insular and frontal-
striatal tracts on the other hand can be understood through
prominent hypotheses regarding the underlying cognitive
and psychological mechanisms of sensory hypersensitivity
after acquired brain injury.

The first hypothesis, the information-processing hypoth-
esis of sensory hypersensitivity, posits that impaired selective

attention might underlie sensory hypersensitivity symp-
toms.’*** This hypothesis is supported by empirical evi-
dence for a relationship between sensory hypersensitivity
and selective attention in neurotypical adults and stroke pa-
tient with post-stroke visual hypersensitivity.*>>® In this
context, the involvement of insula, putamen, thalamus and
frontal-striatal tract can be explained by their established
roles in sensory filtering. The insula is a key hub in the sali-
ence network and plays a pivotal role in identifying and fil-
tering relevant sensory stimuli.>” The thalamus, in turn, is
seen as a relay station that receives incoming sensory infor-
mation from different senses and selects information to
send to the cortex for further processing.’® Higher cortical
regions project onto the thalamus to drive this sensory filter-
ing towards goal-directed information.’”*® One of these
feedback loops projects from the prefrontal cortex to the
thalamus through the basal ganglia, suggesting that damage
to fronto-striatal tracts could disrupt adaptive attentional
allocation.®!

In contrast to this hypothesized relationship between se-
lective attention and post-stroke sensory hypersensitivity, it
must be noted that there was no difference in performance
on attention-based pen and paper tests of the OCS between
patients with and without post-stroke sensory hypersensitiv-
ity (see Supplementary Table 2). However, as the OCS is a
cognitive screen as well as a pen-and-paper-based measure,
its sensitivity to pick up subtle attentional impairments
might be limited.®*®* Indeed, using a computerized assess-
ment of visual attention, we have previously found that post-
stroke visual hypersensitivity is related to selective attention
impairments.®’


http://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcaf176#supplementary-data

All included participants (n = 103)

-36 -24 -12 0 12 24 36 48

MNI z coordinates

Number of participants with a lesion in each voxel:
1 11 22

Figure 2 Lesion overlap maps of patient with and without post-stroke sensory hypersensitivity. (A) Lesion overlap map (descriptive)
of all included participants (n = 103), created by superimposing individual lesion maps onto axial slices of the T|-weighted template from the MNI
(ch2-template). (B) Lesion overlap map (descriptive) of patients without post-stroke sensory hypersensitivity (n = 54). (C) Lesion overlap map
(descriptive) of patients with post-stroke sensory hypersensitivity (n = 49). (D) Lesion overlap map displaying the voxels that were lesioned in at
least five patients, i.e. the voxels that were included in the statistical analysis. The lesion maps are visualized on axial slices of the T |-weighted

template from the MNI (ch2-template). The numbers refer to the MNI coordinates of the z-axis. The color scale indicates the number of patients
with a lesion in a specific voxel. The right hemisphere is presented on the right side.

In addition to a relationship between selective attention anxiety-related hypervigilance.”®> Heightened anxiety after
and post-stroke sensory hypersensitivity, researchers have stroke may be secondary to the traumatic experience of
also proposed an involvement of psychological mechanisms. stroke onset, but can also be a primary result of damage to

Specifically, sensory hypersensitivity might be driven by the thalamus, basal ganglia, insula and amygdala since these
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Results of the lesion-symptom mapping (n = 103)

MNI z coordinates

Significant clusters identified based on the
. lesion-symptom mapping

. Significant clusters identified based on the
structural disconnection mapping

Figure 3 Results of the lesion-symptom and structural disconnection mapping (n = 103). Statistically significant voxels identified by
(A) the support vector regression-based multivariate lesion symptom mapping showing a relationship between post-stroke sensory
hypersensitivity and the left insula, thalamus, putamen and amygdala based on the lesion maps; and (B) structural disconnection mapping showing a
relationship between post-stroke sensory hypersensitivity and the fronto-insular tracts 3,4 and 5 as well as the fronto-striatal tract. In both
analyses a continuous family wise error correction for multiple comparisons was applied and the results were corrected for the effects of age and
lesion or disconnection volume. The lesion maps and white matter tracts are visualized on axial slices of the T|-weighted template from the MNI
(ch2-template). The numbers refer to the MNI z-coordinates of the corresponding slices. The right hemisphere is presented on the right side. The
SVR-LSM identified a relationship between post-stroke sensory hypersensitivity and clusters of voxels in the left insula, thalamus, putamen and

amygdala based on the lesion maps.

Table 4 Descriptive statistics of the significant clusters identified by SVR-LSM

MNI centre of mass
coordinates
Number of voxels

Peak Z value in MNI coordinates

Anatomical location

X Y z z
Cluster | 428 -32 -8 -3 —-18 Left Putamen, Insula, Amygdala
Cluster 2 79 -9 —-16 -3 -8 Left Thalamus

Anatomical location was determined using the Automated Anatomical Labelling Atlas 3.*

structures have all been related to hypervigilance and threat
monitoring.®®” The amygdala is especially important for
fear conditioning and threat detection.”"”* Lesions in the
amygdala might cause individuals to misinterpret neutral
sensory stimuli as threatening, leading to abnormal fear re-
sponses to sensory stimuli. The amygdala is highly intercon-
nected with the insula,”*”* which monitors bodily signals

such as blood pressure of heart rate (interoception) and con-
nects these internal signals to external stimuli, shaping the
emotional response to sensory stimuli.”*>”® The frontal cor-
tex regulates this sensory appraisal through its connections
to the insula.”” Disruptions in frontal-insular pathways
might lead to an inappropriate awareness of internal bodily
signals and maladaptive affective interpretation of external



All included participants (n = 103)

MNI z coordinates

Number of participants with a lesion in each voxel:

1 24 48

Figure 4 Disconnection overlap maps of patient with and without post-stroke sensory hypersensitivity. (A) Disconnection overlap
map (descriptive) of all included participants (n = 103), created by superimposing individual disconnection maps onto axial slices of the T|-weighted
template from the MNI (ch2-template). (B) Disconnection overlap map (descriptive) of patients without post-stroke sensory hypersensitivity
(n=54). (C) Disconnection overlap map (descriptive) of patients with post-stroke sensory hypersensitivity (n = 49). (D) Disconnection overlap
map displaying the voxels that were lesioned in at least five patients, i.e. the voxels that were included in the statistical analysis. The lesion maps are
visualized on axial slices of the T|-weighted template from the MNI (ch2-template). The numbers refer to the MNI coordinates of the z-axis. The
color scale indicates the number of patients with a lesion in a specific voxel. The right hemisphere is presented on the right side.

stimuli, causing an exaggerated perception of threat or linked, and emotional states (such as anxiety) are known
danger from sensory stimuli that would typically be consid- to affect selective attention.”®”? As a result, misinterpreting
ered non-threatening. It is important to note that the pro- sensory stimuli as threatening can result in an excessive focus
posed attentional and emotional hypotheses are not on—and difficulty disengaging from—otherwise neutral

mutually exclusive. Emotion and cognition are closely stimuli.
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Table 5 Descriptive statistics of the significant clusters identified by the structural disconnection mapping

MNI centre of mass

coordinates
Number of voxels

X Y z
Cluster | 1181 -17 | -9
Cluster 2 795 —47 -2 10

Peak Z value in MNI coordinates

White-matter tract
z

=31 Frontal-striatal tract
-1 Frontal-insular tracts 3,4 and 5

Anatomical location was determined using white matter atlas of Rojkova et al*

In summary, our results provide evidence that post-stroke
sensory hypersensitivity is related to damage to different
neural structures and white matter tracts that are involved
in selective attention, sensory appraisal, and fear-related
hypervigilance. As our understanding of the underlying me-
chanisms of post-stroke sensory hypersensitivity increases,
the role of the insula, thalamus, basal ganglia, amygdala,
fronto-insular tracts, and fronto-striatal tract can be
understood through their involvement in other cognitive or
psychosocial functions (such as multisensory integration,

. - -84
working memory, or coping).5®

In addition to providing information regarding the neural ba-
sis of post-stroke sensory hypersensitivity, this study isamong
the first to assess the prevalence of multi-modal post-stroke
sensory hypersensitivity in a (sub)acute stroke population.
Noteworthy, the prevalence of post-stroke sensory hypersen-
sitivity in the current sample (47%) was lower than in a
chronic stroke sample that also used the MESSY (75%).°
This might be due to methodological differences such as the
self-selection bias of the chronic stroke study as well as the dif-
ferent in- and exclusion criteria between the two studies.
Indeed, the exclusion of certain stroke types (i.e. subarach-
noid haemorrhage and subdural hematoma) as well as pa-
tients with major microvascular damage or with previous
strokes limits the extent to which the current sample repre-
sents the entire stroke population. On the other hand, the dif-
ference in prevalence of post-stroke sensory hypersensitivity
between the acute and chronic sample might also reflect
true changes in prevalence across time. For instance, it is pos-
sible that sensory hypersensitivity symptoms are not always
noticeable in the subacute phase and only become apparent
when participation demands increase in the chronic phase
after stroke (e.g. returning to work, driving in traffic, taking
part in large social gatherings). Learning more about the
prevalence of post-stroke sensory hypersensitivity as well as
its neural basis can greatly enhance our understanding of
the underlying mechanisms of these subjective symptoms as
well as help identify patients that are at risk of developing
post-stroke sensory hypersensitivity. Since, there are, to our
knowledge, no studies that investigate the longitudinal symp-
tom dynamics of post-stroke sensory hypersensitivity,” future
research into the evolution of these symptoms is necessary.
Furthermore, it remains unclear if neural mechanisms play

and the JHU white matter atlas implemented in MRIcron.

a similar role in (sub)acute and chronic symptoms of post-
stroke sensory hypersensitivity. It is possible that in the acute
stages after injury, post-stroke sensory hypersensitivity is
largely determined by neural mechanisms (i.e. lesion loca-
tion), whereas in the chronic stages of injury psychosocial me-
chanisms (e.g. coping, social influences) might play a larger
role. Therefore, it would be interesting for future studies to in-
vestigate the relationship between acute brain lesions and
chronic sensory hypersensitivity symptoms.

Firstly, to increase statistical power of the multivariate lesion-
symptom mapping analysis, only voxels that were lesioned in
at least five participants were included in the analysis.'®*°
The lesions of our sample overlapped in middle cerebral artery
regions (in the left and right hemisphere) but did not reach suf-
ficient coverage in other areas that might be of interest (such as
the frontal or sensory cortices). As a result, the conclusions of
this study are spatially limited and biased towards the regions
in which we had sufficient lesion coverage.®® This limited lesion
coverage is not specific to our study but isa common occurrence
in lesion-symptom mapping studies.***”*% It does, however,
limit the sensitivity of our analyses and impedes us from study-
ing the relationship between post-stroke sensory hypersensitiv-
ity and some large-scale neural networks. In addition, it makes
it hard to draw conclusions about a hemispheric dominance for
post-stroke sensory hypersensitivity. When considering both
hemispheres in our analyses, we only found evidence for signifi-
cant results in the left hemisphere. Since post-stroke sensory
hypersensitivity has been reported after both left- and right
hemispheric stroke,*° a strict hemispheric dominance for post-
stroke sensory hypersensitivity seems unlikely. However, this
does not rule out hemispheric-specific differences in how par-
ticular neural regions relate to post-stroke sensory hypersensi-
tivity. To explore whether the significant results in the left
hemisphere could be attributed to a difference in lesion volume
and lesion distribution between the included left- and right-
hemispheric lesions, we flipped all left hemispheric lesions on
the right-hemisphere (similar to Meyer et al.*® and Wang
et al.*®). Significant results in the thalamus and putamen re-
mained, indicating that these results were not merely driven
by the limited number of left-lesioned control patients.
However, clusters in the insula and amygdala no longer reached
significance, possibly due to underlying structural and function-
al asymmetries. A disadvantage of simply flipping a lesion from
one hemisphere onto the other is that it does not consider
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possibly structural or functional asymmetries. Indeed, there is
emerging evidence of structural and functional asymmetries
of the insula and amygdala that might explain the lack of signifi-
cant right-hemispheric results in these clusters®””° For instance,
the left amygdala is activated more often than the right
amygdala in emotional processing.”! Also, right insular lesions
have been linked to reduced sympathetic activation (i.e. hy-
poarousal), whereas left insular lesions have been linked to re-
duced parasympathetic regulation (i.e. hyperarousal).”” In
addition, it is crucial to note that the lack of evidence for a stat-
istically significant result between the right insula and amygdala
and post-stroke sensory hypersensitivity does not equate to
evidence for the absence of such a relationship. Our study
may have been underpowered due to its modest sample
size, making it more challenging to detect effects in regions
where lesion-symptom relationships may be more variable or
subtle. Further research on these asymmetries as well as
lesion-symptom studies in a larger stroke sample is needed to
understand the potential lateralization and involvement of the
amygdala and insula in post-stroke sensory hypersensitivity.
A second limitation of this study is that we focused solely on
the structural consequences of stroke without considering influ-
ences of neuroplasticity or recovery.”® Previous research has
shown that within the first few days after stroke the brain en-
gages in functional reorganization.”*”® This functional re-
organization includes both lesion-related functional changes
as well as secondary compensatory responses (where other
brain regions take over the functions performed by the lesioned
area). These effects could not be explored using the current
methodology. Future studies could make use of modern techni-
ques such as indirect functional connectivity mapping.”” This
method involves overlaying lesions delineated on routine clinic-
al imaging onto a publicly available dataset of resting state
fMRI data from neurotypical adults. This technique can iden-
tify a network of brain regions that are functionally related to
the brain lesion and might display abnormalities post-injury.
These identified networks are then compared between patients
with and without a certain symptom to investigate whether
functional abnormalities in certain regions are related to behav-
iour.”® However, to date, this technique does not predict behav-
ioural data better than standard lesion-symptom mapping or
indirect structural disconnection mapping,” indicating that
direct functional measures are still essential. Therefore, to pro-
vide insight on the functional neural mechanisms of post-stroke
sensory hypersensitivity, future studies should conduct fMRI
research, possibly combined with lesion-symptom mapping.
A last limitation, that is not specific to our study but to lesion-
symptom mapping in general, is that lesion-symptom mapping
techniques induce a spatial misplacement of their results (or-
iented towards the middle and posterior arteries).*"”” To
gain more certainty about the reliability of the spatial location
of our results, we encourage replication studies using larger
heterogenous samples.®® As an additional benefit, studying a
larger sample might provide important information about
whether the neuroanatomy of post-stroke sensory hypersensi-
tivity differs according to the sensory modality that is affected,
as well as if there are differences in neuroanatomy between uni-
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modal and multi-modal sensory hypersensitivity. Due to the
limited number of patients with (uni-modal) sensory hypersen-
sitivity, our sample did not allow for such analyses. Lastly,
having a larger sample could allow researchers to conduct
multivariate analyses that integrate data regarding interocep-
tive awareness, cognition (e.g. selective attention), psychosocial
factors (e.g. anxiety, threat monitoring) as well as lesion-
behavior mapping data. This approach would provide a deeper
insight into the role of brain damage relative to other mechan-
isms and explore potential interactions between these factors.

Conclusion

In conclusion, this study provides evidence for a relationship
between post-stroke sensory hypersensitivity and damage to
the insula, putamen, amygdala and thalamus as well as dif-
ferent white matter tracts (fronto-insular tracts and the
fronto-striatal tract). This provides us with important
information about which patients are at risk for developing
post-stroke sensory hypersensitivity but can also teach us
something about which brain regions play a role in sensory
sensitivity, making it of interest for other clinical groups.
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Supplementary material is available at Brain Communications
online.
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