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Lesion analysis is a fundamental and classical approach for inferring the causal contributions of brain regions to brain function.

However, many studies have been limited by the shortcomings of methodology or clinical data. Aiming to overcome these limita-

tions, we here use an objective multivariate approach based on game theory, Multi-perturbation Shapley value Analysis, in con-

junction with data from a large cohort of 394 acute stroke patients, to derive causal contributions of brain regions to four principal

functional components of the widely used National Institutes of Health Stroke Score measure. The analysis was based on a high-

resolution parcellation of the brain into 294 grey and white matter regions. Through initial lesion symptom mapping for identify-

ing all potential candidate regions and repeated iterations of the game-theoretical approach to remove non-significant contribu-

tions, the analysis derived the smallest sets of regions contributing to each of the four principal functional components as well as

functional interactions among the regions. Specifically, the factor ‘language and consciousness’ was related to contributions of cor-

tical regions in the left hemisphere, including the prefrontal gyrus, the middle frontal gyrus, the ventromedial putamen and the in-

ferior frontal gyrus. Right and left motor functions were associated with contributions of the left and right dorsolateral putamen

and the posterior limb of the internal capsule, correspondingly. Moreover, the superior corona radiata and the paracentral lobe of

the right hemisphere as well as the right caudal area 23 of the cingulate gyrus were mainly related to left motor function, while the

prefrontal gyrus, the external capsule and the sagittal stratum fasciculi of the left hemisphere contributed to right motor function.
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Introduction
The National Institutes of Health Stroke Scale (NIHSS) is

a standardized bedside test designed to assess a broad

range of neurological signs in stroke patients. It captures

deficits of fundamental brain functions, such as motor

functions, speech and spatial attention.1 The NIHSS is the

most widely used clinical score for quantifying stroke-

related clinical deficits in large clinical trials and everyday

clinical practice2 and of high predictive value regarding

long-term functional outcome.3,4 Mapping the contribution

of brain lesions to essential clinical phenotypes captured

by the NIHSS is, therefore, an important prerequisite for

treatment decision making and prognostication in stroke
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as well as a valuable approach for systematic inference of

fundamental brain functions.5

Traditionally, mass-univariate approaches of lesion-symp-

tom inference are of limited sensitivity to anatomical and

functional dependencies in stroke lesion distributions and in

the functional anatomy of brain regions, which may result

in substantially biased inferences.6,7 Multivariate analyses

for lesion-symptom inference which overcome these limita-

tions have emerged in recent years. In particular, Multi-per-

turbation Shapley value Analysis (MSA), a rigorous

multivariate inference method based on game theory, is an

innovative and valuable approach for the analysis of behav-

ioural effects resulting from multi-lesion patterns.8,9 The

MSA approach is based on the concept of stroke lesions

typically affecting not only one, but several brain regions

that contribute and interact in generating a behavioural def-

icit. Here, brain regions are considered as players of a coali-

tion in a game who interact to achieve a behavioural

outcome. Application of MSA is, however, constrained by

the large number of datasets (2n) needed to specify or esti-

mate the full range of potential combinations of n players

(or brain regions) and the associated observed outcome

(clinical performance). Therefore, a set of brain regions is

typically selected a priori, potentially limiting the ability to

detect relevant contributions of brain areas to clinical per-

formance outside of the initial hypothesis. Moreover, past

approaches have often focussed either on contributions of

grey matter regions or white matter tracts, but more infre-

quently on combined grey and white matter contributions.

In our current work, we introduce an innovative three-

step approach for applying MSA to a large and represen-

tative dataset of patients with acute stroke, in order to

reveal the functional contributions of different brain

regions to symptom clusters captured by the NIHSS.

First, an advanced connectivity-based brain atlas was

employed to parcellate the complete grey and white mat-

ter at high resolution.10,11 Second, a mass-univariate le-

sion-symptom mapping was conducted using a liberal

false discovery rate error threshold to pre-identify, or ex-

clude, atlas regions prior to MSA. Third, MSA was

applied iteratively to calculate functional contributions of

sets of essential atlas regions to clinical performances

measured by the NIHSS. We expected these contributions

to be lateralized and specific in relation to behavioural

domains associated with resulting brain regions.

Methods

Sample

We analysed clinical and imaging data from N¼ 503

patients of the WAKE-UP trial, an international, multi-

centre (48 sites in 7 European countries), randomized,

double-blind, placebo-controlled trial of magnetic reson-

ance imaging (MRI)-based intravenous thrombolysis in

patients with unknown onset stroke.12 Scores of

individual NIHSS items, demographic data (age, sex) and

MRI datasets from the time point of admission to the

hospital, prior to randomization, were included. Patients

or their legal representatives provided written informed

consent according to national and local regulations.

There was an exception from explicit informed consent

in emergency circumstances in some countries.

Stroke lesion segmentation

To minimize the possible confounding effects based on

different sites of acquisition, we have taken a standar-

dized methodology for the stroke lesion segmentation and

lesion volumes quantification, as described previously.13

In summary, all centres applied a standardized protocol

including diffusion weighted imaging and Fluid-attenuated

inversion recovery (FLAIR) imaging. The WAKE-UP cen-

tral image reading board continuously monitored the ful-

filment of the prespecified MRI standards. Imaging data

were analysed by dedicated software developed for the

WAKE-UP trial (Stroke Quantification Tool, SONIA) per-

forming registration and semi-automated stroke lesion

segmentation based on an apparent diffusion coefficient

standardized threshold of 620 mm2/s, that is commonly

used in stroke lesion definitions in clinical routine. After

quality control of the segmentation and manual correc-

tion where necessary, lesion volumes were calculated on

binary lesion maps in native space. Afterwards, lesion

masks were transformed to Montreal Neurological

Institute (MNI, voxel size: 1 mm3) space by linear and

non-linear registrations based on FLAIR data. FLAIR

imaging data were used for registration to the common

MNI-space only (and not for lesion delineation). All le-

sion masks were checked for correct segmentation and

registration into MNI-space by two raters experienced in

stroke MR imaging (A.K., B.C.). Imaging data with erro-

neous registration were discarded from analysis.

Dimensionality reduction of the
National Institutes of Health Stroke
Scale

Our methodological approach is illustrated in Fig. 1.

Clinical deficits were measured using the National

Institutes of Health Stroke Scale (NIHSS), which is al-

most universally applied in large-scale stroke trials and

clinical practice for quantifying stroke severity.14 The

NIHSS consists of 15 individual items (Supplementary

Table 1) that can be reduced into four main components

representing left- and right hemispheric, motor and non-

motor brain functions.1 This underlying factor structure

has been validated by dimensionality reduction using

principal component analysis.2 We adopted this four-fac-

tor structure as a behavioural performance measure for

lesion-deficit mapping, compromising between using the

complete NIHSS sum score and all individual items sep-

arately. In summary, factor one, referred to in the
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following as ‘language and consciousness’, primarily con-

tains items attributed to left cortical functions (language,

level of consciousness questions, level of consciousness

commands and dysarthria), factor two, labelled ‘extinc-

tion and inattention’, captures functions of the right cere-

bral cortex (extinction/neglect) and items with bilateral

functional representations (such as visual fields), while

factors three and four, referred to in the following as

‘right and left motor functions’ contain items pertaining

to lateralized motor functions (right arm and leg or left

arm and leg). Of note, NIHSS items 1A (level of con-

sciousness) and item 7 (ataxia) are not represented here,

due to low contribution to the four-factor structure.1 The

following analysis was conducted separately for each

NIHSS factor score, containing the sum of individual

NIHSS items grouped as described above.

Choice of a brain parcellation

Regions of interest (ROIs) comprise the coalition of brain

regions with potential contributions to behaviour in MSA

analyses. To ensure sufficient anatomical brain coverage

and meaningful interpretability, we defined ROIs based

on two anatomical atlases combining white and grey

matter, specifically the Brainnetome10 and Johns Hopkins

University-International Consortium of Brain Mapping

(JHU-ICBM) atlas.11 The Brainnetome atlas comprises

246 cortico-subcortical grey matter regions based on the

structural and functional connectional architecture of the

human brain and allows for annotation of behavioural

domains. The JHU-ICBM provides labelling for 48 white

matter tracts. In cases of overlap between atlases in areas

of white matter tracts, labelling from the Brainnetome

was preferred, except for the internal capsule, for which

the labelling from the JHU-ICBM was chosen. A final

ROI representing the rest of the brain (RoB) was created,

accounting for stroke lesions affecting other brain region

than those predefined by the ROIs in our analysis, in

order to avoid significant missing contributions from

brain regions not considered in the original composition

of ROIs. In total, 295 ROIs were considered for the

analysis.

Figure 1 Methodological approach. The NIHSS scores were grouped in four factors.1 For each factor, as for example the ‘language and

consciousness’, a mass-univariate LSM was performed on all patients. A grey and white matter atlas was used to label the LSM resulted

regions, identifying a set of brain regions. To reduce this set of region to the only one contributing significantly to behaviour, we applied an

iterative three-step process (grey box): (i) optimization of SVM for a given database and associated functional performance scores;

(ii) computation of an estimated MSA with a bootstrap procedure to ensure the robustness of the results; and (iii) discarding the ROI with the

smallest contribution to behaviour and updating the RoB accordingly. These three steps were repeated until the smallest set of ROIs with a

non-significant contribution of the RoB. LOC, level of consciousness; nROI, number of Regions of Interest; RoB, Rest of the Brain.
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Statistical analyses

Pre-selection of ROIs by mass-univariate lesion-

symptom mapping

Based on our initial set of 295 ROI, a dataset of 2295

cases containing all possible lesion configurations and

associated behaviour scores would have to be recorded

or estimated for MSA. Since this is an unrealistic scenario

even in large-scale stroke imaging datasets, a machine-

learning based approach, using a support vector machine

(SVM),15 is applied prior to MSA to estimate the com-

plete set of potential combination of lesion patterns and

clinical phenotypes.16–18 However, given the dispropor-

tionally large amount of data (n¼ 2295) that would have

to be estimated in the present case, we addressed the

problem through reducing the number of regions prior to

MSA by computationally feasible mass-univariate lesion

symptom mapping (LSM) for each NIHSS factor, to pre-

select ROIs potentially involved in lesion-deficit associa-

tions. We performed non-parametric mapping imple-

mented in the mricron toolbox (version 2019) with all

voxels in bilaterally distributed, binarized lesion masks

and NIHSS factor scores.19 A voxel-wise Brunner–Munzel

rank order test (without permutation and without lesion

size as covariate), corrected by an intentionally liberal

false discovery rate of P< 0.05 was applied. In addition,

only resulting clusters with a minimum voxel number of

50 were considered. ROIs were selected for further ana-

lysis if they intersected with at least one voxel labelled

significant by the mass-univariate statistic.

Computation of essential ROI sets by iterative MSA

The behavioural database used for MSA computations

was derived from the NIHSS factor scores as described

above. Since these scores represent the severity of neuro-

logical deficit and MSA requires a score representing be-

havioural ability, we used the inverse of each score as

an indicator of functional performance. To compute

MSA, the database also included for each patient, the

percentage of overlap between the stroke lesions and

each ROI.

Following mass-univariate LSM, the number of ROIs

was further reduced systematically to identify essential

sets of brain regions contributing significantly to behav-

iour: We applied an iterative three-step process: (i) opti-

mization of SVM for a given database and associated

functional performance scores; (ii) computation of an esti-

mated MSA with a bootstrap procedure to ensure the ro-

bustness of the results; and (iii) discarding the ROI with

the smallest contribution to behaviour and updating the

RoB accordingly. These three steps were repeated until

the smallest set of ROIs with a non-significant RoB. All

steps are described in detail below:

(1) SVM optimization In using the SVM approach,15 the

choice of the parameters is crucial. Therefore, we tuned

different parameters of the SVM to find the best param-

eters for the dataset including, for each patient, the

percentage of overlap between stroke lesions and each

ROI as well as the associated behaviour. Specifically, the

explored parameters were as follows: kernel (Gaussian, lin-

ear, polynomial), penalty parameter C (0.1, 1, 10, 50) and

gamma (0.001, 0.001, 0.1, 1). All possible combinations

of these parameters were tuned for the graded dataset but

also with a binarized dataset, which was thresholded by

the median value of the percentage of lesioned voxels for

each region of interest, as described previously.18 With

each combination of parameters and database, for each

NIHSS factor, we applied a ‘leave-one-out’ cross-valid-

ation, using in turn each patient from the database as the

validation data and all the remaining patients as the train-

ing data. To ensure the quality of the prediction, we com-

pared the true set of performance values of an NIHSS

factor with each set of estimated performance values (one

for each combination of parameters), by computing the

associated F1 score:

F1 ¼ 2� Precision�Recallð Þ
Precisionþ Recall

with Precision ¼ tp

tpþ fp
and Recall ¼ tp

tpþ fn

with tp: true positive, fn: false negative and fp: false posi-

tive. The F1 score reaches its best value at 1 (perfect pre-

cision and recall) and worst value at 0. Because we used

a multi-class SVM, we averaged the F1 score obtained

with different cut-off values of the NIHSS factor scores.

The F1 score informs on the precision (the ability of the

classifier not to label as positive a sample that is nega-

tive), and the recall (the ability of the classifier to find all

the positive samples). We determined the set of parame-

ters by the one maximizing the quality of prediction,

with the highest value of F1.

(2) Estimated MSA with bootstrap procedure To quantify

causal functional contributions of the ROIs for each

NIHSS factor, we used an objective value characterizing

the contributions of ROIs across all possible lesion con-

figurations, the Shapley value.8,20 In this article, we used

the estimated MSA to derive the Shapley value. The

method has been previously presented in detail.9,21 The

SVM parameters are used in this step to define functional

behaviours related to a set of configurations needed in

the estimated MSA procedure.

To ensure the robustness of the obtained contributions

and to estimate the associated standard error, we per-

formed 1000 samples of bootstrapping the estimated

MSA approach with 1000 permutations. Specifically,

from the available database, we chose 1000 random sam-

ples with replacement, with the size of the original data-

set. We then performed the estimated MSA (by the help

of the best SVM parameters estimated on the original

dataset) on each of these 1000 new bootstrap samples

(with the size of the original dataset). Finally, the func-

tional contributions and standard errors of each ROI

were averaged across the 1000 samples.
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(3) Removing the ROI with the smallest contribution and

updating the RoB From the obtained set of functional

contributions, we removed the ROI with the smallest ab-

solute contribution (positive or negative). The number of

ROIs was then reduced by one. The RoB was updated

accordingly, by adding the discarded ROI, and repre-

sented all voxels of the brain not already labelled in the

used ROIs. The three steps were repeated until we found

the smallest set of regions with a non-significant contri-

bution of the RoB.

Functional interactions

Additionally, we investigated functional interactions22 be-

tween the regions significantly contributing to each fac-

tor. The interaction between two regions quantifies how

much the contribution of the two regions considered

jointly is larger or smaller than the sum of the contribu-

tion of each of them individually when the other one is

lesioned. In particular, such interactions can reveal func-

tional redundancies between regions that indicate func-

tional overlap, when the contribution of the joined

regions is smaller than the sum of their individual contri-

butions. Alternatively, when the joined contribution is

larger than the sum of the individual contributions, the

interactions reveal synergistic relations between regions.

The interactions were calculated between all significant

grey matter regions contributing to an NIHSS factor,

extracted by the estimated MSA with bootstrap proced-

ure, for each NIHSS factor. To ensure the robustness of

the obtained interactions and to estimate the associated

standard error, we performed 1000 samples of bootstrap-

ping the interactions. Specifically, from the available data-

base, we chose 1000 random samples with replacement,

with the size of the original dataset. We then calculated

the functional interactions for each of these 1000 sam-

ples. Finally, the functional interactions and standard

errors of each pair of ROIs were averaged across the

1000 samples. We only considered significant interactions

between pairs of ROIs, in the sense that the interaction

value should be larger than the standard error.

All analysis was done using in-house scripts (MATLAB,

version R2019a, The MathWorks, Natick, MA, USA).

Data availability

All scripts for the method part are available upon reason-

able request. Imaging data from the WAKE-UP-trial are

available upon request conditional to approval from the

WAKE-UP trial steering committee (https://www.safe

stroke.eu/wake-up/).

Results
Of 503 patients randomized in WAKE-UP, processing of

MRI datasets and segmentation of stroke lesion masks

was successful in 452 patients, while 51 patients were

excluded due to insufficient imaging quality impeding

correct delineation or registration of stroke lesions. In

addition, patients with bilateral stroke lesions (n¼ 17),

stroke involving the cerebellum (n¼ 7) or the brainstem

(n¼ 34) were excluded. In total, clinical and imaging

datasets from 394 patients f251 males [64%], mean age

65.9 years [standard deviation (SD) 10.9], median NIHSS

on admission 6 [IQR 4–9], with IQR: interquartile rangeg
were included for analysis. Demographic and clinical data

are presented in Table 1. Median stroke lesion volume

was 2.6 ml (IQR 0.9–9.5), and stroke lesions were located

in the left hemisphere in 234 (59.3%) patients.

Anatomical distribution and frequency of stroke lesions

are illustrated in Supplementary Fig. 1.

Results from the initial mass-univariate LSM prior to

MSA are illustrated in Supplementary Fig. 2. Out of 295

atlas-based ROI, LSM identified 80 left hemisphere ROI

associated with deficits in ‘language and consciousness’, 143

bilateral ROIs with the factor ‘extinction and inattention’,

79 left ROIs with the factor ‘right motor function’ and 64

right ROIs with the factor ‘left motor function’.

Supplementary Table 2 lists the individual ROIs subsequent-

ly considered in the MSA for each NIHSS component.

The median F1-score of SVM for the NIHSS factor

‘language and consciousness’ was 0.36 (IQR: 0.34–0.37);

for factor ‘right motor function’ 0.43 (IQR: 0.42–0.44);

for factor ‘left motor function’ 0.49 (IQR: 0.47–0.52).

All these values were considerably higher than their cor-

responding statistical chance levels (0.11; 0.15; 0.16, re-

spectively) computed by using randomly permutated

instead of predicted scores. We note that for the factor

‘extinction and inattention’, the F1-score at the first step

of the method was 0.1, very close to the F1-score chance

level of 0.06. Owing to the limited capability of the SVM

parameters to predict this NIHSS factor accurately, we

decided to not conduct an MSA analysis for the ‘extinc-

tion and inattention’ factor. We speculate that the low

performance of SVM results from the broad range of

Table 1 Demographic and imaging characteristics of

394 patients

Clinical and imaging variable

Sex (male, percentage) 251 (64%)

Age [years] (mean, SD) 65.9 (10.9)

NIHSS sum score (0–42, median, IQR) 6 (IQR 4–9)

NIHSS factor score 1: language (0–9,

median, IQR)

2 (IQR 1–5)

NIHSS factor score 2: right cortex (0–12,

median, IQR)

2 (IQR 1–3)

NIHSS factor score 3: right arm & leg (0–8,

median, IQR)

1 (IQR 0–4)

NIHSS factor score 4: left arm & leg (0–8

median, IQR)

2 (IQR 1–3.5)

Stroke lesion side (left, percentage) 234 (59.3%)

Lesion volume [ml] (mean, SD; median,

IQR)

8.2 (13.5); 2.6 (IQR 0.9–9.5)

IQR, interquartile range; NIHSS, National Institutes of Health Stroke Scale; SD, stand-

ard deviation.
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clinical deficits (extinction, inattention, visual field defi-

cits, sensory functions) grouped into this factor that can-

not be related easily to a common combination of

injured brain areas. All the parameters from the SVM

procedure for the three main functions are listed in

Supplementary Table 3. Nonetheless, we stress that they

are specific for a database, the number of considered

regions and the associated behaviour.

MSA contribution values were all significantly different

from zero, except for the rest of the brain (RoB), where

contributions were non-significant according to the stand-

ard error calculated by bootstrap analysis. Positive contri-

butions denote that a region facilitates behavioural

performance in a given score, as performance decreases if

the ROI is lesioned. Detailed results are illustrated in

Figs 2 and 3, anatomical regions with significant MSA

contributions and associated functional domains are listed

in Table 2. In summary, for the NIHSS factor ‘language

and consciousness’, the highest contributions were shown

for left hemispheric and predominantly cortical regions of

the frontal and temporal lobe. For the NIHSS factor

‘right motor function’, the highest contributions were

identified by MSA for the left precentral gyrus and white

matter tracts located in the left internal capsule as well

as for the basal ganglia. For the NIHSS factor ‘left motor

function’, white matter tracts located in the right internal

capsule and corona radiata showed the highest contribu-

tions to clinical performance scores.

We further performed an analysis of functional interac-

tions between grey matter brain regions with significant

MSA contributions for NIHSS factor scores ‘language and

consciousness’, ‘right motor function’ and ‘left motor func-

tion’. Positive interaction values show that two brain

regions jointly contribute more to the measured perform-

ance than individually, indicating a synergistic interaction.

Functional interactions are illustrated in Fig. 4. In summary

for the NIHSS factor ‘language and consciousness’, highest

functional interaction values were observed between the left

middle frontal gyrus (inferior frontal junction) and three

other regions: the left striatum (ventromedial putamen,

1.036 0.79), the left ventral insula (1.196 1.17) and the

left inferior parietal lobe (1.036 0.99). We also found high

synergistic interactions between the left ventral insula and

four regions: the left inferior frontal gyrus (0.946 0.91), the

left prefrontal gyrus (1.066 0.72), and two areas of the left

superior temporal gyrus, the area 41/42 (0.96 0.65) and

the area 38 (0.876 0.57), see Fig. 4 for illustration. No sig-

nificant interactions between grey matter regions were

detected for NIHSS factors ‘right motor function’ and ‘left

motor function’.

Discussion
Our study pursued an innovative, multivariate approach

for mapping fundamental brain functions derived from

main components of the NIHSS in a large and represen-

tative dataset of patients with acute stroke. The analysis

yielded two main findings. First, we demonstrated func-

tionally plausible, lateralized contributions of brain

regions to individual clinical performance. Second, we

revealed synergistic interactions between distinct sets of

Figure 2 MSA contributions for each NIHSS factor. MSA

contributions in the last step of the method of NIHSS factors

‘language and consciousness’, ‘right motor function’ and ‘left motor

function’. Normalized mean MSA contribution values and standard

deviation (black whiskers) are shown, and derived from the

bootstrap procedure with 1000 samples. Positive values indicate

that a damage to these brain regions leads to decreased

performance in NIHSS factor scores. See Table 2 for abbreviations.

RoB, Rest of the Brain.

Multivariate analysis of brain functions BRAIN COMMUNICATIONS 2021: Page 7 of 13 | 7

https://academic.oup.com/braincomms/article-lookup/doi/10.1093/braincomms/fcab204#supplementary-data


cortico-subcortical brain regions underlying basic lan-

guage performance.

Based on the condensed four-factor structure of the

NIHSS chosen for our study, the factor ‘language and

consciousness’ comprises NIHSS items ‘language’, ‘dys-

arthria’ and ‘assessment of level of consciousness’, which

in the context of the NIHSS necessitates unimpaired lan-

guage comprehension and production (patients with

Figure 3 MSA contributions for each NIHSS factor. MSA contributions in the last step of the method of each NIHSS factor score in brain

regions defined by the Brainnetome and JHU-ICHM white matter tract atlas. Colour bars represents the normalized mean MSA values, the red

colour accounting for the highest value, respectively for each factor. Results are illustrated on a brain template in MNI standard space oriented in

radiological convention. See also Table 2 for statistical and anatomical details. MNI coordinates of each section (z-axis) are shown.
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Table 2 MSA contributions (mean values 6 SD) in the last step of the method of each NIHSS factor score for grey

and white matter regions of the Brainnetome and JHU-ICBM atlas

Atlas Region Anatomical description MSA value Behavioural domains

NIHSS factor ‘language and consciousness’

MFG L72 Left Middle Frontal Gyrus, inferior frontal

junction

0.07 6 0.01 Cognition: Language: Phonology and Semantics

Cognition: Memory: Explicit and Working

IFG L61 Left Inferior Frontal Gyrus, dorsal area 44 0.06 6 0.01 Cognition: Language: Phonology, Semantics, Speech

and Syntax

Cognition: Memory: Working

PrG L65 Left Prefrontal Gyrus, area 4 (tongue and

larynx)

0.08 6 0.01 Action: Execution

Perception: Somesthesis: Pain

STG L62 and L65 Left Superior Temporal Gyrus, area 41/42 and

Left lateral area 38

0.05 6 0.01

0.05 6 0.01

Action: Execution: Speech

Cognition: Language Phonolgy and Speech

MTG L44 Left Middle Temporal Gyrus, Anterior Superior

Temporal Sulcus

0.05 6 0.01 Cognition: Language: Phonology, Semantics, Speech

and Syntax:

Cognition: Memory: Explicit

Cognition: SocialCognition

Perception: Audition

PSTS L22 Left Caudoposterior Superior Temporal Sulcus 0.05 6 0.01 Cognition: Language: Orthography, Semantics,

Speech and Syntax

Perception: Audition

SPL L55 Left Superior Parietal Lobe, Intraparietal area 7 0.06 6 0.01 Cognition: Attention, Reasoning and Space

Perception: Vision: Motion

IPL L64 Left Inferior Parietal Lobe, area 40 0.05 6 0.01 Cognition: SocialCognition

PoG L42 Left Postcentral Cortex, area 1/2/3 (tongue and

larynx)

0.05 6 0.01 Action: Execution: Speech

Perception: Audition

Perception: Somesthesis: Pain

INS L63 and L64 Left dorsal agranular Insular and Left ventral

granular Insular

0.04 6 0.01 0.05 6 0.01 Emotion: Disgust

Emotion: Fear

Perception: Somesthesis: Pain

OcG L42 Left lateral Occipital cortex (V5/MTþ) 0.05 6 0.01 Action: Observation

Cognition: Space

Interoception: Sexuality

Perception: Vision, Motion, Shape

Str L64 Left ventromedial Putamen 0.07 6 0.01 Action: Execution

Cognition, Emotion

Thal L86 and L87 Left Occipital Thalamus and Left caudal tem-

poral Thalamus

0.08 6 0.01 0.06 6 0.01 –

Left Posterior Thalamic Radiation 0.05 6 0.01

NIHSS Factor ‘right motor function’

MFG L76 Left Middle Frontal Gyrus, ventrolateral area 6 0.08 6 0.01 Action: Execution

Action: MotorLearning

Cognition: Memory: Working and Space

Perception: Vision: Motion

PrG L63 Left Prefrontal Gyrus, area 4 (upper limb) 0.17 6 0.01 Action: Execution

Perception: Somesthesis

MTG L43 Left Middle Temporal Gyrus, dorsolateral area

37

0.06 6 0.01 Cognition: Language: Semantics and Syntax

Hipp L21 Left Hippocampus, rostral 0.1 6 0.01 Cognition: Memory: Explicit

Str L66 Left Dorsolateral Putamen 0.1 6 0.01 Action: Execution

Perception: Somesthesis: Pain

Thal L88 Left Lateral Prefrontal Thalamus 0.06 6 0.01 Action: Execution: Speach

Perception: Somesthesis: Pain

Left Internal Capsule, posterior limb 0.09 6 0.01

Left Sagittal Stratum 0.9 6 0.01

Left External Capsule 0.09 6 0.01

Left superior-fronto-occipital Fasciculus 0.08 6 0.01

NIHSS Factor ‘left motor function’

PCL R22 Right Paracentral Lobe, area 4 (lower limb) 0.21 6 0.01 Action: Execution

Interoception: Bladder

CG R76 Right Cingulate Gyrus, caudal area 23 0.15 6 0.01 Emotion

Str R66 Right Dorsolateral Putamen 0.14 6 0.01 Action: Execution

Right Internal Capsule, posterior limb 0.27 6 0.01

Right Superior Corona Radiata 0.17 6 0.01

Functional annotations of anatomical subregions are given based on behavioural domain meta data labels of the Brainnetome Atlas (https://atlas.brainnetome.org/brainnetome.html).
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aphasia are scored with the highest score in item level of

consciousness questions). MSA demonstrated strong contri-

butions for a group of left-hemispheric, primarily cortical

regions in the frontal, temporal and parietal lobe, such as

the middle and inferior frontal gyrus, precentral gyrus, infer-

ior parietal gyrus, middle and superior temporal gyrus

(Table 2). Positive MSA contributions indicate that these

brain regions facilitate performance in a given task, in line

with the known organization of language functions in a

left-lateralized, temporo-frontal brain network.23,24 Strong

contributions were also detected for sections of the precen-

tral gyrus (Brodmann area 4) representing the tongue and

larynx areas of the cortical motor homunculus. This obser-

vation is plausible given the motor component of speech

production which, if impaired, results in higher scores on

the NIHSS factor. Interestingly, we also observed strong

contributions by subcortical grey matter areas, namely the

left putamen and thalamus. Although the basal ganglia are

traditionally associated with planning and control of motor

functions, they are also known to be involved in various

aspects of language functions, such as syntactic and speech

processes.25,26 The anterior section of the left putamen was

shown to be functionally connected to brain regions

involved in language production and comprehension based

on a meta-analysis of functional MRI co-activation net-

works.27 Similarly, lesions of the left thalamus have shown

to be associated with aphasic syndromes, implicating a role

of the thalamus in language functions.28 These observations

are in line with the known distribution of language

functions on large-scale brain networks involving cortical

and subcortical brain areas.

The NIHSS factors ‘right motor function’ and ‘left

motor function’ contain test items for rating motor defi-

cits of the right and left extremities. With a total of 16

(8 each) out of 42 possible score points, motor symptoms

are represented most prominently in the overall structure

of the NIHSS. In contrast to the factor ‘language and

consciousness’, MSA identified mainly white matter tracts

and subcortical grey matter areas as main contributors.

Specifically, for ‘left motor function’, the main contribu-

tor was the right corticospinal tract as the main efferent

pathway of the motor system (Table 2, Fig. 3). These

contributions were also seen for the factor ‘right motor

functions’. In addition, a more complex pattern of

regions with positive contributions evolved from MSA for

this factor, including the precentral gyrus, specifically pri-

mary motor area (Brodmann area 4) and upper limb

areas of the motor homunculus. Whereas contributions of

the basal ganglia (striatum, putamen and thalamus)

would be in line with their known functions in motor

control,29 contributions of the middle frontal gyrus, spe-

cifically Brodmann area 6 (Table 2), could indicate an in-

volvement of supplementary motor areas. However, this

remains speculative, since the NIHSS does not capture

more subtle and complex aspects of motor performance.

For the NIHSS factor ‘extinction and inattention’, predic-

tion accuracy of the complete configuration of lesion states

and corresponding scores by SVM was low and close to

results from random shuffling. Therefore, no MSA was con-

ducted for this factor given the expected low validity of

resulting contributions. The limited prediction accuracy is

most likely explained by the composition of this factor,2

containing functionally highly heterogeneous NIHSS items

(and resulting variance of associated brain areas). Although

‘classical’ right hemispheric deficits in stroke, such as gaze

deviation and extinction/inattention, feature prominently,

they appear underrepresented in relation to possible scores

from other items with potential bilateral hemispheric repre-

sentations (facial palsy, sensory deficits and visual fields). In

addition, neglect occurs in a significant proportion of left-

hemispheric strokes further complicating robust lesion-symp-

tom associations.30 Therefore, a reliable prediction of associ-

ations between brain structure and performance might be

unachievable given the lacking specificity of this NIHSS fac-

tor. We repeated the analysis of this factor including only

NIHSS items ‘extinction and inattention’ and ‘gaze devi-

ation’, which did, however, not lead to sufficient prediction

accuracy by SVM and significant sets of contributing brain

regions (data not shown).

One of the important benefits of using multivariate

analysis in lesion inference is that it enables dealing with

the fact that stroke lesions typically affect not only one,

but several brain regions that contribute to behavioural

performance and may be linked functionally as well as

anatomically. Univariate approaches are insensitive to the

two dimensions of functional and anatomical coupling

Figure 4 Functional interactions. Functional interactions

between pairs of regions, for NIHSS factor ‘language and

consciousness’. The grey colour indicates non-significant results. A

positive interaction shows that two brain regions jointly contribute

more to the measured performance than individually, indicating a

synergistic interaction. See Table 2 for abbreviations.
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regardless of the size of the dataset.7 By contrast, multi-

variate approaches such as MSA resolve these problems,

depending on the availability of sufficiently extensive and

validated clinical datasets.31 Several positive, functional

interactions between lesioned brain areas were shown by

MSA in our study, indicating that two brain regions

jointly contribute more to a measured performance than

individually (Fig. 4), also implying that, if two regions

are injured together, the severity of the deficit is

increased. For ‘language and consciousness’, the highest

synergistic interactions were observed between the left

middle frontal gyrus (inferior frontal junction) and the

left striatum (ventromedial putamen) as well as the left

inferior parietal lobe and the left ventral insula. The left

ventral insula was also found for synergistic interactions

with four other regions, the left inferior frontal gyrus, the

left prefrontal gyrus and two areas of the left superior

temporal gyrus (areas 41/42 and 38). We did not find

any redundant functional interactions between regions for

‘language and consciousness’. One explanation is that a

‘redundant’ functional interaction between two regions

means that they have a similar, partly overlapping.

However, the detailed Brainnetome atlas we used to par-

cellate grey matter brain regions is built to consider

regions specific to a function, limiting functional overlap.

Moreover, the iterative method used to extract the

regions significantly contributing to ‘language and con-

sciousness’ probably already removed all functionally

non-essential regions by construction and, in this situ-

ation, one should not expect find functional overlaps be-

tween two regions. No significant interactions were found

for ‘right motor function’ and ‘left motor function’. This

would be because the NIHSS does not capture subtle and

complex aspects of motor performance, and the primary

motor regions are involved alone to the motor function.

We should highlight that we only considered grey matter

regions for computing interactions because interactions

including white matter tracts are challenging to interpret.

For example, it is currently unclear how interactions be-

tween different white matter tracts should be interpreted;

thus, we omitted all white matter tracts from the inter-

action analysis.

These findings offer insights into the functional brain

network organization by highlighting the joint contribu-

tion of brain regions to behavioural functions. From a

clinical point of view, prognostication of functional out-

come after stroke may draw from our findings by

acknowledging the disproportionally high impact of dam-

age to synergistic brain regions, guiding individualized re-

habilitation efforts.

In this study, we pursued a multi-stage approach with

univariate LSM prior to the MSA to pre-select the set of

regions. The LSM is a suitable initial step for identifying

all potentially involved candidate ROIs, as it yields in-

sensitive but spatially mostly unbiased results in term of

functional anatomy,7 which findings are subsequently

refined and cleared of false positive lesion-deficit

associations by multivariate analysis. Importantly, the ini-

tial LSM step allowed us to filter and reduce the number

of regions that needed to be considered for the MSA.

While, on the one hand, using the entire set of the 295

regions of the atlas would have been the most hypoth-

esis-free approach, it would also have resulted in a com-

putationally impractical strategy, as a space of 2295 lesion

configurations and associated deficits would need to be

considered. Indeed, so far the MSA has been validated

for the analysis of up to 100 neural elements.9 On the

other hand, we wanted to avoid the a priori selection of

a small set of regions for MSA, which would have

resulted in a strongly hypothesis-driven approach, pro-

ducing potentially biasing results by missing contributions

from excluded regions or inducing a low interpretability

of the results if regions are very large.

Therefore, to pre-select regions by way of the univari-

ate LSM with an intentionally liberal false discovery rate

threshold appears to be an acceptable compromise be-

tween using the whole set of the 295 regions of the atlas

and considering a small set of regions selected a priori.

As a limitation, it could be argued that our approach

using a liberal false discovery rate in mass-univariate test-

ing initially aggravates the number of false-positive

results. However, the subsequent iterative multivariate

processing with MSA should resolve this problem. To

check the validity of our results, we also performed the

three steps MSA procedure without the selection of

regions by mass-univariate LSM, selecting only regions of

the atlas in one hemisphere (the left one for factors ‘lan-

guage and consciousness’ and ‘right motor function’, the

right one for the factor ‘left motor function’). The results

(provided in Supplementary Fig. 3) showed similar pat-

terns as what was found in the main analysis.

Specifically, the main contributions were made by cortical

regions in the temporal and frontal lobe for the factor

‘language and consciousness’; and mainly subcortical

regions and white matter tracts for the two motor scores.

In our study, we validated the application of MSA by

using a novel using a multi-stage analysis in a large data-

base of stroke patients detecting contributions of brain

regions to essential brain functions captured by the

NIHSS. We present novel findings of synergistic interac-

tions between brain regions that provide insight into the

functional organization of brain networks.

Supplementary material
Supplementary material is available at Brain

Communications online.
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