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Inconsistent findings have been reported about the impact of structural disconnections on

language function in post-stroke aphasia. This study investigated patterns of structural

disconnections associated with chronic language impairments using disconnectome maps.

Seventy-six individuals with post-stroke aphasia underwent a battery of language as-

sessments and a structural MRI scan. Support-vector regression disconnectome-symptom

mapping analyses were performed to examine the correlations between disconnectome

maps, representing the probability of disconnection at each white matter voxel and

different language scores. To further understand whether significant disconnections were

primarily representing focal damage or a more extended network of seemingly preserved

but disconnected areas beyond the lesion site, results were qualitatively compared to

support-vector regression lesion-symptom mapping analyses.

Part of the left white matter perisylvian network was similarly disconnected in 90% of

the individuals with aphasia. Surrounding this common left perisylvian disconnectome,

specific structural disconnections in the left fronto-temporo-parietal network were

significantly associated with aphasia severity and with lower performance in auditory

comprehension, syntactic comprehension, syntactic production, repetition and naming

tasks. Auditory comprehension, repetition and syntactic processing deficits were related to

disconnections in areas that overlapped with and extended beyond lesion sites significant

in SVR-LSM analyses. In contrast, overall language abilities as measured by aphasia
F, inferior fronto-occipital fasciculus; ILF, inferior longitudinal fasciculus; UF, uncinate
lus; SVR, support vector regression; DSM, disconnectome-symptom mapping; LSM, lesion-
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severity and naming seemed to be mostly explained by focal damage at the level of the

insular and central opercular cortices, given the high overlap between SVR-DSM and SVR-

LSM results for these scores.

While focal damage seems to be sufficient to explain broad measures of language

performance, the structural disconnections between language areas provide additional

information on the neural basis of specific and persistent language impairments at the

chronic stage beyond lesion volume. Leveraging routinely available clinical data, dis-

connectome mapping furthers our understanding of anatomical connectivity constraints

that may limit the recovery of some language abilities in chronic post-stroke aphasia.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Individuals with aphasia may present with various language

impairments following an acquired brain injury such as a

stroke. Multiple interdependent neurobiological events occur

during and after a stroke, resulting in brain tissue death in the

gray and white matter (Quillinan, Herson, & Traystman, 2016)

and critical disruption of connections between brain regions

responsible for language processing. Over the last decades,

neuroimaging studies have provided insight into the patho-

physiology of these language deficits, and the findings can be

broadly categorized into two sets: 1) the effect of focal brain

damage on language function, 2) the influence of network-

level disruptions on language behavior (Kiran & Thompson,

2019). Here, we will first review these observations in the

context of their methodology, focusing on studies using

structural data, and then propose a complementary analysis

of structural connectivity disruptions that can further our

understanding of language impairments in post-stroke

aphasia.

Voxel-based lesion-symptom mapping has revealed the

relationship between cortical injury and language impairment

(VLSM, Bates et al., 2003). Lesion topography is associatedwith

a range of linguistic abilities after stroke, such as speech

production and speech comprehension (Borovsky, Saygin,

Bates, & Dronkers, 2007; Henseler, Regenbrecht, & Obrig,

2014; Kümmerer et al., 2013; Mirman, Chen, et al., 2015;

Price, Seghier, & Leff, 2010), and more specifically verbal

fluency (Baldo, Schwartz, Wilkins, & Dronkers, 2006), picture

naming (Akinina et al., 2019; Døli, Helland, Helland, & Specht,

2020; Henseler et al., 2014; Piras & Marangolo, 2010), semantic

processing (Halai, Woollams, & Lambon Ralph, 2017; Henseler

et al., 2014; Mirman, Chen, et al., 2015; Schumacher, Halai, &

Lambon Ralph, 2019; Schwartz et al., 2009; Walker et al.,

2011), phonological processing (Halai et al., 2017; Ripamonti

et al., 2018; Schumacher et al., 2019), repetition (Døli et al.,

2020; Fridriksson et al., 2010; Henseler et al., 2014;

Kümmerer et al., 2013; Ripamonti et al., 2018), syntactic pro-

cessing (den Ouden et al., 2019; Dronkers, Wilkins, Van Valin,

Redfern, & Jaeger, 2004; Lukic et al., 2020; Magnusdottir et al.,

2013; Rogalsky et al., 2017), number and word reading (Døli

et al., 2020; Piras & Marangolo, 2009) and spelling (Rapp,

Purcell, Hillis, Capasso, & Miceli, 2016). Traditionally, VLSM

uses t-statistics at each voxel of the brain to determine
whether the degree of injury is related to the language per-

formance (Bates et al., 2003). Lesion-symptom mapping ana-

lyses, therefore, provide information on the role of different

brain areas in language performance. Nevertheless, they

present inherent limitations. First, lesion coverage is hetero-

geneous across voxels and restricted to particular vascular

territories in most studies (Karnath, Sperber, & Rorden, 2019;

Rudrauf et al., 2008) which influences the statistical power at

each voxel (Rudrauf et al., 2008). Consequently, the analysis

may include a spatial bias toward the center of the vascular

territory affected by the stroke (Karnath et al., 2019; Mah,

Husain, Rees, & Nachev, 2014). Second, damage to different

regions can cause the same language impairment if these

regions belong to the same structural or functional network

(Fridriksson et al., 2018; Karnath et al., 2019; Price, Hope, &

Seghier, 2017). For these reasons, the prediction power and

the interpretation of standard lesioneoutcome associations

are limited (Karnath et al., 2019; Kimberg, Coslett,& Schwartz,

2007; Price et al., 2017).

Furthermore, stroke damage can disrupt distant regions'
structure and function by modifying their metabolism

(Carrera & Tononi, 2014). Von Monakow has defined this

neurobiological phenomenon as diaschisis (von Monakow,

1914). Carrera and Tononi have recently extended this

notion to ‘connectomal diaschisis’ to describe remote

“changes in the structural and functional connectomes,

including disconnections and reorganization of subgraphs”

(Carrera & Tononi, 2014, p. 2419). Hence, language deficits

might arise from seemingly undamaged but disconnected

regions involved in language processing (Catani & Mesulam,

2008; Price et al., 2017). Interestingly, structural disconnec-

tion measures seem to better predict functional connectivity

disruption within and between large-scale networks than

region-based or voxel-based damage measures (Griffis,

Metcalf, Corbetta, & Shulman, 2019). Recent studies exam-

ining affected anatomical networks in stroke survivors have

provided a richer understanding of the relationship between

aphasia and its neural underpinnings.

Following the assumption that network-level analyses

provide a more comprehensive interpretation of the rela-

tionship between clinical symptoms and physiological dis-

ruptions caused by the stroke lesion (Catani & Mesulam,

2008), several studies have examined the impact of infarcts

on structural network connectivity and how white matter

https://doi.org/10.1016/j.cortex.2022.06.016
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disruptions relate to language dysfunction. This paper fo-

cuses on methods that measure direct lesions' effect on

anatomical connections (see Zhang et al., 2021 for a meta-

analysis of studies using diffusion metrics to investigate

white matter integrity in spared tracts). In post-stroke

aphasia studies, researchers have mainly used two types of

measurements based on white matter tractography data to

investigate structural disconnections: (i) reduction in

connection density (i.e., percentage number of fibers con-

nected to a cortical region compared to the homologous

cortical area), and (ii) a binary measure of tract discontinuity.

In the first approach, Bonilha and colleagues found that

reduced fiber density at two left hemisphere cortical regions

(i.e., Brodmann areas 45 and 22) was associated with the

degree of impairment in specific language tasks, but not with

the overall aphasia severity (Bonilha, Rorden, & Fridriksson,

2014). The second approach calculates binary measures of

disconnection. It considers a tract to be disconnected “if a

lesion either disconnects one part of the tract from another

or completely destroys one end of the tract” (Hope & Price,

2016, p. 1171). Two studies demonstrated that binary

disconnection of the left arcuate fasciculus was associated

with deficits in naming (Geller, Thye, & Mirman, 2019; Hope,

Seghier, Prejawa, Leff, & Price, 2016). However, since this

technique relies on a single value for a whole tract, it may be

more sensitive to image processing errors, such as misreg-

istration between the lesion map and the probabilistic white

matter atlas needed for this method. An error of measure-

ment at one portion of the tract would lead to the opposite

category definition for the whole tract (i.e., from discon-

nected to spared and vice versa) (Geller et al., 2019). Mapping

disconnected white matter fibers at the voxel level in the

whole brain is one way to overcome this limitation. Specif-

ically, detailing the topological distribution of structural

network disruption voxel by voxel in post-stroke aphasia

provides information to elucidate clinical-anatomical re-

lationships at the level of the affected connectome, from and

beyond the lesion site. It also enables one to identify and

trace pathways that may be affected by the distal effects of

stroke damage that are not easily measurable with actual

MRI techniques (Carrera & Tononi, 2014). The most direct

way to identify structural disconnections in the whole brain

would be to trace fibers that cross each patient's brain's
damaged area using diffusion-weighted imaging data and

fiber-tracking algorithms (Basser, Mattiello, & LeBihan, 1994;

Mori & van Zijl, 2002). However, when white matter tracts are

directly damaged, reconstruction of the tract's remaining

portions may not be possible (Auriat, Borich, Snow, Wadden,

& Boyd, 2015). Here, we apply an alternative and comple-

mentary approach to examine the anatomical substrates of

neural disruption in aphasia by constructing disconnectome

maps (Foulon et al., 2018). By using a large reference set of

high-quality tractograms from healthy controls, these dis-

connectome maps provide the probability of structural

disconnection at each voxel without the need to acquire

diffusion-weighted images (Foulon et al., 2018). Specifically,

in this work, the probability of disconnection refers to the

voxel-wise probability of tracking a white matter fiber in

healthy controls. These fibers are then considered discon-

nected if they enter the infarcted area when overlaid with the
patient's lesion map. This tool was first used to identify

potentially disconnected tracts related to deficits in language

processing, decision making, and memory in three well-

studied historical patients (Thiebaut de Schotten et al.,

2015). Subsequently, this technique has been used in pa-

tients following an acquired brain injury to identify discon-

nected networks related to the overall language behavior

(Salvalaggio, De Filippo De Grazia, Zorzi, Thiebaut de

Schotten, & Corbetta, 2020) or specific language impair-

ments, such as poor fluency performance (Foulon et al., 2018)

and repetitive verbal behaviors (Mandonnet et al., 2019;

Torres-Prioris et al., 2019). Three of these studies included

individuals who underwent a brain resection due to a brain

tumor or suffered a traumatic brain injury, and each exam-

ined one language component only (Foulon et al., 2018;

Mandonnet et al., 2019; Torres-Prioris et al., 2019). Using

multivariate analyses, Salvalaggio et al. (2020) demonstrated

that disconnectome maps can predict overall language

behavior variability in stroke survivors at a similar level as

lesion maps, with slightly less accuracy (i.e. 41% vs 48%). A

previous study from the same group using the same method

found similar results with 44% of language behavior vari-

ability explained by lesion maps (Corbetta et al., 2015). Using

a similar method, Kuceyeski et al. (2015) evaluated discon-

nections at each cortical region and found that disconnec-

tions at medial regions predicted language scores. Notably,

these studies measured language behavior either with

screening tests or as a composite score obtained from mul-

tiple subtests of a language battery and, thus, did not identify

disconnections related to specific language impairments in

individuals with chronic post-stroke aphasia.

In the present study, we implement a comprehensive

clinical-neuroanatomical investigation of the impact of white

matter disconnections on a range of language abilities in a

large cohort of patients with different types of chronic post-

stroke aphasia. We then compare the results from

disconnectome-symptom mapping (DSM) analyses to more

standard lesion-symptom mapping (LSM) analyses to further

distinguish between the remote pathological effects and the

loss of brain tissue on chronic language deficits. We hypoth-

esize that overall aphasia severity and specific language im-

pairments, such as naming, repetition, syntactic processing,

and auditory comprehension, will be associated with discon-

nections in the left perisylvian connectome due to long-range

fiber pathways affected by the lesions. Further, these language

impairments will be explained by disconnections that overlap

and extend beyond lesion sites associated with each

impairment.
2. Materials and methods

2.1. Patients

We report how we determined our sample size, all data ex-

clusions, all inclusion/exclusion criteria, whether inclusion/

exclusion criteria were established before data analysis, all

manipulations, and all measures in the study. Eighty-one

participants with a single left-hemisphere ischaemic stroke

at least six months post-stroke were recruited from three

https://doi.org/10.1016/j.cortex.2022.06.016
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research sites (Boston University, Johns Hopkins University

and Northwestern University) between 2015 and 2018 as part

of a large-scale study of the Center for the Neurobiology of

Language Recovery (http://cnlr.northwestern.edu/). All par-

ticipants were native English speakers, at least high school

educated, and had normal or corrected-to-normal vision and

hearing. Demographics and neurological history were ob-

tained from medical records and study-specific question-

naires. Exclusion criteria included contraindication for MRI,

history of neurological disorder other than a stroke, history

of multiple infarcts, history of drug or alcohol abuse and

articulatory disorders (apraxia of speech or dysarthria). Five

participants out of the 81 have been excluded due to poor

imaging data (n ¼ 1), different acquisition parameters (n ¼ 2),

and withdrawal during testing (n ¼ 2). A total of 76 in-

dividuals with chronic aphasia have been included in the

analyses. Participants provided informed consent according

to the Declaration of Helsinki. Additional information was

providedwhen needed to ensure participants' understanding
of the study protocol before obtaining their written consent.

The Institutional Review Boards approved the study at all

three universities. No part of the study procedures and an-

alyses was pre-registered before the research was conduct-

ed. The conditions of our ethics approval and HIPAA law do

not permit public archiving of anonymised study data.

Readers seeking access to the data should contact author S.K.

Access will be granted to named individuals in accordance

with ethical procedures governing the reuse of sensitive

data, including completion of a formal data-sharing

agreement.

2.2. Language assessment

An extensive battery of language assessments was adminis-

tered to the participants by speech-language pathologists or

trained research assistants: the Western Aphasia Battery-

Revised (WAB-R) (Kertesz, 2007), Northwestern Naming Bat-

tery (NNB) (Thompson, Lukic, King, Mesulam, & Weintraub,

2012) and Northwestern Assessment of Verbs and Sentences

(NAVS) (Cho-Reyes & Thompson, 2012). Only specific subtests

have been included in the analyses of this study: Aphasia

Quotient (AQ) to investigate aphasia severity, auditory verbal

comprehension and repetition scores from the WAB-R;

Confrontation Picture Naming (Nouns) total score from the

NNB; and Sentence Comprehension Test (SCT) and Sentence

Production Priming Test (SPPT) total scores from the NAVS.

Legal copyright restrictions prevent public archiving of the

WAB-R, NNB and NAVS, which can be obtained commercially

from the copyright holders in the cited references.

2.3. Imaging data acquisition and preprocessing

Imaging data were collected from four different 3 Tesla MRI

scanners: a Siemens TIM Trio with a 32-channel head coil and

a Siemens Prisma with a 64-channel head/neck coil at

Northwestern University, a Siemens TIM Trio with a 20-

channel head/neck coil at the Athinoula A. Martinos Center

for Boston University, and a Philips Intera with a 32-channel

head coil at Johns Hopkins University. Imaging parameters

were consistent across the three sites, with the cross-site
harmonization verified by the neuroimaging team. High res-

olution, T1-weighted 3D sagittal volumes were acquired using

an MPRAGE sequence (parameters: T1/TE1/TR ¼ 900/2.98/

2300 ms, FOV ¼ 256 � 256mm, voxel resolution ¼ 1x1x1mm3,

176 sagittal slices, phase encoding direction ¼ A/P).

2.3.1. Lesion mapping
The lesions were traced using a semi-automated procedure on

T1-weighted images. First, for each participant, multiple lesion

masks were generated by the quality assurance anatomical

pipeline available within the Northwestern University Neuro-

imaging Data Archive (Alpert, Kogan, Parrish, Marcus, & Wang,

2016) through the application of a deep convolutional neural

network approach (Wang, Katsaggelos, Wang, & Parrish, 2016).

This approach uses information about 3D structural image in-

tensity in surrounding voxels and contralateral (i.e., right

hemisphere) voxels to classify each voxel as belonging to

normal or pathological tissue. Second, for each participant, two

trainedmembers of the research team independently chose the

best lesion mask, and a third member helped resolve any

disagreement. When necessary, lesion masks were manually

edited in native space using MRIcron software (Rorden & Brett,

2000) (https://people.cas.sc.edu/rorden/mricron/). Spatial

normalization of the lesionmaps to theMNI space, filtering and

resampling to 1x1x1 mm voxels were performed using the

3dQwarp function of the AFNI software through a pipeline in

the Northwestern University Neuroimaging Data Archive.

Specifically, each pseudo-T1 image with the lesion removed

was nonlinearly warped to the MNI template (Brett, Leff,

Rorden, & Ashburner, 2001). The warp field was then applied

to the lesion mask to generate the lesion mask in template

space. Due to technical issues, the lesion maps of three par-

ticipants2 were manually drawn using MRIcron software and

normalized to the MNI space using SPM 12 instead of this

pipeline. The volume of each lesion map was calculated using

the volume function in MATLAB.

2.3.2. Disconnectome mapping
A probability map of white matter tracts' disconnection was

computed for each participant with aphasia with the “Dis-

connectomemap” tool of the BCBToolkit (Foulon et al., 2018).

Disconnectome maps provide an indirect estimate of the

degree of structural disconnection at each voxel. This esti-

mate is computed from healthy controls' tractograms rep-

resenting white matter fibers that pass through each lesion.

These tractograms were produced using a set of 178 healthy

controls of the Human Connectome Project diffusion-

weighted imaging database (Thiebaut de Schotten, Foulon,

& Nachev, 2020). More specifically, for each individual with

aphasia, the lesion map in MNI space was used as a seed to

track healthy controls’ fibers passing through the lesion in

TrackVis (Wang & Wedeen, 2007). A percentage overlap map

was then produced by computing, at each voxel in MNI

space, the proportion of controls who had a tract that crossed

the lesioned area (Fig. 1). Hence, in the resulting dis-

connectome map, the value in each voxel takes into account

http://cnlr.northwestern.edu/
https://people.cas.sc.edu/rorden/mricron/
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Fig. 1 e Support Vector Regression Disconnectome-Symptom Mapping (SVR-DSM) and Support Vector Regression Lesion-

Symptom Mapping (SVR-LSM) methodological procedures. For each patient, a disconnectome map was created by

overlapping the lesion map of the individual with post-stroke aphasia with healthy control tractograms from the HCP

diffusion-weighted images dataset using the Disconnectomemap tool of the BCBToolkit. The probability of disconnection at

each voxel (e.g., 85% at the voxel highlighted) was then entered into the SVR-DSM analysis. As a subsequent investigation,

the binary value of presence (1) or absence (0) of damage at each voxel was entered into the SVR-LSM analysis.
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the interindividual variability of tract reconstruction across

controls and indicates the probability of disconnection from

0 to 100% for a given lesion (Thiebaut de Schotten et al., 2015).

In other words, “probability of disconnection” refers to the

voxel-wise probability of tracking a healthy control fiber that

enters the infarcted area when overlayed with the lesion

map of a patient. Thus, each disconnectome map includes

both the white matter pathways that overlap with the

infarcted area (i.e., damaged) and the part that extends

beyond the infarcted area (i.e., seemingly spared). In accor-

dance with previous studies (Foulon et al., 2018; Mandonnet

et al., 2019), a threshold of 50% was applied for this study to

ensure generalizability of the results (i.e., at each voxel

labeled as disconnected, at least 50% of healthy controls fi-

bers passed through the lesion). For a given lesion, this

threshold ensures that at least the majority of controls had a

tract where the disconnection was being calculated. It ex-

cludes voxels with low probability of disconnection from the

disconnectomemaps as they reflect individual differences in

the white matter tractograms of controls. After thresholding

the disconnectome maps, values at each voxel were either

zero (no disconnection) or within the range of 50e100%

probability of disconnection.

2.4. Statistical analysis

The study aimed to investigate whether and where white

matter disconnections were related to aphasia severity and

other specific language deficits. To this end, support vector

regression disconnectome-symptom mapping (SVR-DSM)

analyses were performed as described below.
Notably, disconnectome maps include disconnected white

matter voxels that can be either directly damaged (i.e., direct

overlap with the lesion map) or seemingly spared (i.e., part of

the fibers not damaged but connected to the lesioned area). To

understand whether the significant relationships between dis-

connections and language deficits were only driven by the

lesioned voxels or by disconnected voxels from and beyond the

lesioned areas, results that emerged from SVR-DSM were

compared to traditional lesion-symptom mapping analyses

(SVR-LSM).

2.4.1. Support vector regression disconnectome-symptom
mapping
Disconnectome-symptom mapping analyses were performed

using support vector regression (SVR-DSM) to investigate the

relationship between individuals’ language scores and the

probability of disconnection. Support vector regression has

been used and validated as a multivariate method to model

lesion-symptom associations in multiple lesion-symptom

mapping studies (DeMarco & Turkeltaub, 2018; Fama,

Hayward, Snider, Friedman, & Turkeltaub, 2017; Griffis,

Nenert, Allendorfer, & Szaflarski, 2017; Mirman, Kraft,

Harvey, Brecher, & Schwartz, 2019; Mirman, Zhang, et al.,

2015; Wiesen, Karnath, & Sperber, 2020). Instead of investi-

gating brain-behavior relationships at the voxel-level such as

in traditional mass-univariate voxel-based lesion-symptom

mapping (VLSM) analyses, this multivariate method uses a

high dimensional feature space to evaluate the entire brain-

behavior association simultaneously (Zhang, Kimberg,

Coslett, Schwartz, & Wang, 2014). In this study, dis-

connectome maps serve as the input to the SVR models. In

https://doi.org/10.1016/j.cortex.2022.06.016
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accordancewith previous lesion-symptommapping literature

(Binder et al., 2016; Borovsky et al., 2007; den Ouden et al.,

2019; Dronkers et al., 2004; Klingbeil, Wawrzyniak, Stockert,

Karnath, & Saur, 2020; Lukic et al., 2020), only voxels with

sufficient disconnection involvement were assessed in the

SVR-DSM analyses. Before the analyses, upper and lower

thresholds were set on the disconnectome maps to ensure

sufficient variance of the sample at each voxel. Specifically,

only voxels disconnected in 10%e90% of the patients

(n ¼ 8e68) were included. The six language scores were

included as dependent variables in separate SVR-DSM ana-

lyses. In addition, several factors may influence language

function in aphasia, such as lesion volume (Døli et al., 2020;

Hope, Seghier, Leff, & Price, 2013; Kertesz, Harlock, & Coates,

1979; Naeser et al., 1998; Plowman, Hentz, & Ellis, 2011;

Watila & Balarabe, 2015), age (Ellis & Urban, 2016; Wallentin,

2018), time post-stroke onset (Holland, Fromm, Forbes, &

MacWhinney, 2017; Naeser et al., 1998; Pedersen, Vinter, &

Olsen, 2004) and handedness (Knecht et al., 2000). Therefore,

these variables were regressed out of both the language scores

and the disconnectome data, as recommended by DeMarco

and Turkeltaub (2018). The study center was also covaried

out of both the language scores and disconnectome data to

account for potential differences across testing facilities.

The resulting SVR-b values represent the strength of the

association between the disconnection status and the lan-

guage deficit at each voxel. They were thresholded at P < .05

based on continuous permutation-based family-wise error

(CFWE) correction configured to permit 100 mm3 of false

positive voxels (5000 permutations, v ¼ 100), given that SVR-

DSM results are not expected to be interpreted at the single

voxel level (Mirman et al., 2018; Winkler, Ridgway, Webster,

Smith, & Nichols, 2014). This method allows quantifying

the rate of multi-voxel false positives, resulting in the

transparent reporting of the strength of the evidence within

a less stringent framework (Mirman et al., 2018). Bonferroni

correction was also applied to thresholded b-maps to control

for the number of language scores tested. Results were

considered significant below an alpha level of .05 (i.e., less

than 5% of the permutations had v voxels that exceeded the b

value). The analyses were run using the svrlsmgui in MAT-

LAB, version 2019b (parallelized, run from the GUI), with

default parameters gamma ¼ 5 and cost ¼ 30 (DeMarco &

Turkeltaub, 2018).

2.4.2. Support Vector Regression Lesion-Symptom Mapping
(SVR-LSM)
Following the same method as in the SVR-DSM analyses,

multivariate analyses using support vector regression models

were performed to assess the relationship between brain

damage (lesioned versus non-lesioned voxels) and each lan-

guage score separately (SVR-LSM). Similarly to the SVR-DSM

analyses, only gray and white matter voxels lesioned in at

least 10% of individuals (n > 8) were included to ensure a

sufficient number of participants with a lesion at each voxel.

However, the second upper thresholding was unnecessary

because the maximum lesion overlap (76% of participants)
was below 90%. Lesion volume, age, months post-stroke

onset, handedness, and site were also covaried out of both

lesion data and language scores in each analysis. The same

multiple comparison correction techniques (continuous

permutation-based FWER at v ¼ 100 to correct for multiple

comparisons across voxels), toolbox and software as in SVR-

DSM analyses were used.

2.4.3. Validation of results across brain-behavior mapping
approaches
Support vector regression has been shown to better account

for functional dependencies in lesion-symptom mapping an-

alyses and seems to be more appropriate for network-level

analyses than univariate analyses (Ivanova, Herron,

Dronkers, & Baldo, 2021; Xu, Jha, & Nachev, 2018). However,

there is still an ongoing debate on the best approach to use to

map behavior to specific brain regions (Ivanova et al., 2021;

Sperber, Wiesen, & Karnath, 2019) and no systematic meth-

odological study has compared univariate and multivariate

methods in the context of disconnectomemaps. Therefore, in

addition to multivariate analyses, traditional mass-univariate

voxel-based disconnectome-symptom (VDSM) and lesion-

symptom mapping (VLSM) analyses were performed in order

to confirm the robustness of the results acrossmethodological

approaches and to compare them across studies. Methodo-

logical details on these analyses and results are included in

the supplementary material.

2.5. Labeling of white matter pathways and gray matter
areas

We further characterized which white matter pathways were

involved in the thresholded b-maps (cFWER P < .05, v ¼ 100) of

both SVR-DSM and SVR-LSM analyses by overlaying them onto

the PANDORA probabilistic atlas of white matter pathways

(Hansen et al., 2021). In this study, we used the atlas compiled

from the Baltimore Longitudinal Study of Aging tractography

data (n ¼ 963) extracted via the Automated Fiber-tract Quanti-

fication technique. This atlas was selected for the close prox-

imity in age of its population (mean age ¼ 66.2) with the

population of individuals with aphasia included in the present

study (mean age ¼ 58.3). Second, the Automated Fiber-tract

Quantification technique was chosen because its 20 recon-

structed tracts include tracts of interest for our research that

are thought to be involved in language processing based on

previous literature. The resulting probabilistic white matter

atlas was thresholded at 25%, binarized and overlaid onto the

statistical maps. The 25% probability threshold ensures a large

enough sample size to generalize the atlas labels to our sample

while limiting the inter-individual variability that can occur

during fiber tracing. The intersection volume between the atlas

mask of each fiber pathway and the thresholded b-map was

computed for both SVR-DSM and SVR-LSM. In addition, the

Harvard Oxford cortical structural atlas (Desikan et al., 2006)

thresholded at a probability of 25%, was used to identify

disconnected gray matter regions significantly associated with

language deficits at the edges of the thresholded b-maps

https://doi.org/10.1016/j.cortex.2022.06.016
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Fig. 2 e Lesion overlay. Plot representing the distribution of lesions in all patients. Slice numbers represent z coordinates of

the MNI 152 brain template. Color shades illustrate the increasing number of patients with overlapping lesions (range: 8e58,

from cold to warm colors).
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(cFWER P < .05, v ¼ 100) by overlapping each statistical map to

each gray matter ROI mask. These steps were performed with

FSL (fslmaths and fslstats functions), version 6.0.2 (Jenkinson,

Beckmann, Behrens, Woolrich, & Smith, 2012).
3. Results

3.1. Behavioral results

Participants’ demographics and behavioral scores are avail-

able in Supplementary Table 1. Results are presented for the

76 individuals with chronic aphasia who completed the full
Fig. 3 e Disconnectome overlay. Color shades illustrate the incre

(range: 8e76, from cold to warm colors). A) Plot representing th

numbers represent z coordinates of the MNI 152 brain template.

disconnections occurring in more than 90% of the participants.

fasciculus, SLF ¼ superior longitudinal fasciculus.
battery of language assessments and had good quality imag-

ing data (52 males/24 females; mean age ¼ 58.3, sd ¼ 11.6;

mean time post-stroke onset ¼ 65.1 months, sd ¼ 68.5,

range ¼ 8e467). One participant had missing data for NAVS e

SPPT and NNB e Confrontation Naming scores but was

included for the other analyses.

3.2. Structural maps

Fig. 2 displays the overlay of the 76 lesion maps showing an

extensive coverage of the left hemisphere. The maximum

lesion coverage included left periventricular white matter

pathways, left perisylvian white matter (AF) and cortical
asing number of patients with overlapping disconnectomes

e distribution of disconnections for all patients. Slice

B) Sagittal view of the disconnectome overlay. C) Overlap of

IFOF ¼ inferior fronto-occipital fasciculus, AF ¼ arcuate

https://doi.org/10.1016/j.cortex.2022.06.016
https://doi.org/10.1016/j.cortex.2022.06.016


Fig. 4 e Structural maps of disconnections associated with persistent language impairments in individuals with chronic

aphasia. Results of the SVR-DSM analyses investigating the relationship between language impairments and the voxel-

wise probability of disconnection. A) Uncorrected b-maps. B) b-maps thresholded at p < .05, corrected for multiple

comparisons (maximum of 100mm3 of false positive voxels) and adjusted for lesion volume and other covariates. Statistical

c o r t e x 1 5 5 ( 2 0 2 2 ) 9 0e1 0 6 97
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areas (insula, rolandic operculum). Fig. 3 displays the overlay

of disconnectome maps for 76 individuals. The major white

matter pathways disconnected in more than 90% of the

participants were the left arcuate fasciculus (AF, 23% of the

total volume of the tract per the PANDORA atlas), superior

longitudinal fasciculus (SLF, 14%), inferior fronto-occipital

fasciculus (IFOF, 20%) and posterior part of the inferior lon-

gitudinal fasciculus (ILF, 10%) (Fig. 3 C). Given that parts of

the AF, SLF, IFOF and ILF were disconnected in almost all

individuals with aphasia included in this study, voxels that

had greater than 90% of subjects with disconnections were

excluded from the SVR-DSM analyses to ensure sufficient

variance in the sample analyzed at each voxel, as described

in the methods.

3.3. SVR-DSM results: disconnections associated with
chronic language impairments

In SVR-DSM analyses, all language scores were negatively

associated with the probability of disconnection in left peri-

sylvian and corticobulbar networks after accounting for lesion

volume, demographic information and correcting for multiple

comparisons (P < .005). The higher the probability of discon-

nection in these white matter pathways, the lower the lan-

guage performance across linguistic skills. Uncorrected and

thresholded b-maps of each SVR-DSM analysis are displayed

in Fig. 4. All language scores, except naming, were associated

to different extentswith disconnections along both dorsal and

ventral left hemisphere white matter tracts, such as the

arcuate, superior longitudinal, inferior longitudinal, inferior

fronto-occipital, and uncinate fasciculi, as well as thalamic

radiations and cortico-spinal/cortico-bulbar tract. The volume

of overlap between thresholded statistical maps and white

matter and gray matter regions from each respective atlas are

available in Table 2 and 4 in the supplementary material.

Specifically, aphasia severity was mostly associated with

disconnections of the central and parietal opercular cortices,

the inferior part of the precentral gyrus and the inferior frontal

gyrus. Disconnections related to naming deficits were

restricted to fibers between the insular cortex and the central

operculum. The other language scores were related to dis-

connections in amore extended network. Repetition, auditory

comprehension and syntactic processing (comprehension and

production) deficits were similarly related to disconnections

of temporo-parietal areas. More specifically, these discon-

nections were located i) dorsally, along the arcuate fasciculus

and underlying the precentral and supramarginal gyri, as well

as the central, parietal opercular, and insular cortices, and ii)

ventrally, along the inferior longitudinal and the inferior

fronto-occipital fasciculi, also including short-range discon-

nections between the superior and middle temporal cortices.
maps were also corrected for multiple comparisons across lang

include aphasia severity (WAB-R Aphasia Quotient), auditory co

syntactic comprehension (NAVS-SCT), syntactic production (NA

naming). Z coordinates for panel A: -20 -10 0 10 25. Only cluste

temporal pole, COp ¼ central opercular cortex, IFGtri ¼ inferior

gyrus-pars opercularis, ITG ¼ inferior temporal gyrus, Ins ¼ ins

POp ¼ parietal opercular cortex, SMG ¼ supramarginal gyrus, S
In addition, disconnections associated with syntactic pro-

duction deficits specifically extended to the inferior temporal

gyrus, and disconnections associated with auditory compre-

hension deficits specifically extended to the inferior frontal

(pars triangularis and opercularis), the frontal-orbital and the

anterior temporal cortices. Patterns of disconnections signif-

icantly related to aphasia severity, auditory comprehension

and syntactic comprehension and production also included a

few white matter voxels in the brain stem.

3.4. Differences and overlap between disconnectome-
symptom and lesion-symptom mapping results

Since the disconnectomemaps used in the SVR-DSM analyses

mentioned above encompassed both infarcted white matter

tissue and potentially spared white matter areas connected to

the lesion, we compared the SVR-DSM to more classical SVR-

LSM analyses. Fig. 5 shows that, when examining infarcted

areas only (i.e., SVR-LSM), all language deficitswere negatively

associated with damage in restricted white matter clusters

surrounding the left lateral sulcus (P < .005). By contrast, when

investigating white matter disconnections (i.e., SVR-DSM),

significant structural pathways negatively associated with

language deficits not only included damaged white matter

areas significant in the SVR-LSM analyses but encompassed a

more extended network of fiber bundles that extended to the

left temporal pole, the inferior lateral temporal regions, the

inferior frontal gyrus, the orbitofrontal area, the temporo-

parietal junction and the brain stem. More specifically,

disconnected white matter areas significantly related to

repetition, syntactic comprehension and syntactic production

deficits extended into the temporo-parietal junction while

damaged white matter voxels significantly related with these

scores were located in focal white matter clusters underlying

the left superior temporal gyrus. In addition, disconnections

of the left middle and inferior temporal gyri showed signifi-

cant associations with syntactic comprehension and produc-

tion deficits, whereas damage to the same regions did not

show a significant association with these language scores.

Further, auditory comprehension deficits were related to

damage of the left central operculum, insula and superior

temporal gyrus and to disconnections between the inferior

frontal gyrus and the anterior temporal lobe, along the unci-

nate fasciculus. Conversely, significant disconnections asso-

ciated with aphasia severity and confrontation naming, did

not extend beyond the damaged white matter areas related to

these language scores.

Relative to the SVR-LSM results, SVR-DSM results suggest

that post-stroke chronic language impairments may be

related to the disruption of function via focal white matter

damage and disconnections in language networks from and
uage tests using Bonferroni correction. Language scores

mprehension (WAB-R auditory verbal comprehension),

VS-SPPT), repetition (WAB-R repetition) and naming (NNB

rs with a size >10 mm3 are displayed. ATP ¼ anterior

frontal gyrus-pars triangularis, IFGop ¼ inferior frontal

ula, MTG ¼ middle temporal gyrus, PCG ¼ precentral gyrus,

TG ¼ superior temporal gyrus.
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Fig. 5 e Overlay and overlap of thresholded and binarized

ß-maps from the SVR-DSM and SVR-LSM analyses. Results

of the SVR-DSM and SVR-LSM analyses investigating the

relationship between language impairments and the

voxel-wise probability of disconnection and damage,

respectively. b-maps were thresholded at p < .05, corrected

for multiple comparisons (maximum of 100 mm3 of false

positive voxels) and adjusted for lesion volume and other

covariates. Statistical maps were also corrected for

multiple comparisons across language tests using

Bonferroni correction. Language scores include aphasia

severity (WAB-R Aphasia Quotient), auditory

comprehension (WAB-R auditory verbal comprehension),

syntactic comprehension (NAVS-SCT), syntactic

production (NAVS-SPPT), repetition (WAB-R repetition) and

naming (NNB naming). Only clusters with a size >10 mm3

are displayed. Numbers correspond to MNI 152

coordinates. ATP ¼ anterior temporal pole, COp ¼ central

opercular cortex, Fr-O ¼ frontal-orbital cortex,

IFGtri ¼ inferior frontal gyrus-pars triangularis,

IFGop ¼ inferior frontal gyrus-pars opercularis,
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beyond these damaged areas. Second, SVR-DSM identifies

remote regions that may not be frequently damaged by in-

farcts in patients with aphasia but whose disconnection may

limit language recovery. Disconnection of such areas, namely

the middle and inferior temporal gyri and the anterior tem-

poral lobe, seem to play a significant role in chronic language

deficits.
4. Discussion

In this study, using a large dataset of healthy control tracto-

grams as comparison, structural mapping of white matter

disconnections was carried out to understand the extended

neuroanatomical and behavioral impact of stroke lesions in a

relatively large sample of individuals with chronic aphasia.

Prior work in aphasia examining the disconnection paradigm

has been chiefly used to describe relationships between the AF

and repetition deficits (Catani & Mesulam, 2008). Our results

show that specific language impairments such as syntactic or

repetition deficits observed in chronic aphasia are related to

structural disconnections in left temporo-parietal perisylvian

networks beyond the lesion site related to the same deficits,

while deficits in general language processing, as measured by

aphasia severity and naming, were mainly related to the focal

site of damage. A typical left perisylvian connectome was

identified as disconnected in more than 90% of individuals

with aphasia resulting from different stroke lesions. While

previous studies have looked at (a) white matter integrity in

tracts that were not affected by the lesion, (b) reduction in

fiber density in spared cortical regions, or (c) binary measures

of tract disconnection, this is the first study, to our knowledge,

tomapwhole-brain disconnections inwhitematter fibers that

are associated with the severity of a range of language im-

pairments in chronic post-stroke aphasia.

4.1. White matter disconnections associated with
language impairments

By first overlaying the structural disconnectome maps of all

participants with chronic aphasia, a consistent anatomical

network was identified as similarly disconnected across more

than 90% of individuals despite heterogeneity in language

abilities, lesion location, and lesion volume (Fig. 3C). It

included parts of dorsal and ventral left white matter tracts

previously described as involved in language processing (Dick,

Bernal, & Tremblay, 2014; Dick & Tremblay, 2012; Gierhan,

2013): the AF, SLF, IFOF, and ILF. Due to the low variance in

the disconnection probability, portions of these tracts could

not be investigated with SVR-DSM. Surrounding this common

disconnectome, results of SVR-DSM analyses showed that

specific disconnections along left perisylvian tracts play a role

in both speech production and speech comprehension defi-

cits, even after accounting for lesion volume (Fig. 4).
ITG ¼ inferior temporal gyrus, MTG ¼ middle temporal

gyrus, PCG ¼ precentral gyrus, POp ¼ parietal opercular

cortex, SMG ¼ supramarginal gyrus, STG ¼ superior

temporal gyrus, UF ¼ uncinate fasciculus.
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Structural disconnections significantly explained lower

abilities in syntactic comprehension and syntactic production

beyond focal damage. While our SVR-LSM analyses are in line

with previous findings showing that focal lesions in the left

superior temporal gyrus are associated with syntactic

comprehension and production deficits (den Ouden et al.,

2019; Dick & Tremblay, 2012; Lukic et al., 2020), SVR-DSM il-

lustrates an extension of this brain-behavior relationship

such that disconnections in the left temporo-parietal

network, from the superior temporal gyrus to the middle

and inferior temporal and inferior parietal cortices, may also

explain persistent syntactic processing difficulties in in-

dividuals with chronic aphasia. Importantly, structural dis-

connections explain variance in syntactic deficits above and

beyond what is already explained by the lesion volume. In

contrast, in a previous connectome-based study investigating

the predictive power of connection strength using the number

of streamlines between cortical regions, none of the associa-

tions with syntactic processing deficits survived correction for

the lesion size (den Ouden et al., 2019). This discrepancy

demonstrates that the methodology used to characterize

connectivity disruptionmay play an essential role in revealing

specific clinical-anatomical associations.

Repetition and auditory comprehension scores were also

significantly related to disconnections in left perisylvianwhite

matter tracts that extended beyond the damaged regions

found significant in SVR-LSM analyses. These structural dis-

connections were mainly located in the dorsal and ventral

stream processing routes, respectively for repetition and

auditory comprehension performance, mostly consistent

with findings from Saur and colleagues using functional and

diffusion tensor imaging (2008). Specifically, repetition deficits

were primarily affected by disconnections of the temporo-

parietal junction, along the left AF, extending similar find-

ings from previous studies using diffusion metrics or lesion

load (Berthier, Lambon Ralph, Pujol, & Green, 2012; Breier,

Hasan, Zhang, Men, & Papanicolaou, 2008; Dick et al., 2014;

Fridriksson et al., 2010; Kümmerer et al., 2013) and confirmed

the importance of temporo-parietal connections in repetition

(Baboyan et al., 2021; Forkel et al., 2020). Regarding auditory

comprehension, disconnectome mapping showed that a

higher probability of disconnection of tracts underlying the

left inferior frontal gyrus and the anterior temporal pole was

associated with lower auditory comprehension performance,

which involves semantic processing abilities. These results

are consistent with the anatomical components of the

controlled semantic cognition framework that includes the

anterior temporal pole (cross-modal representational system)

as well as frontal and temporo-parietal regions (control

network) (Lambon Ralph, Jefferies, Patterson, & Rogers, 2017).

Although the dual-streammodel does not include the anterior

temporal pole in the ventral stream (Hickok & Poeppel, 2007),

previous evidence from diffusion imaging, electrostimulation,

and lesion-mapping studies demonstrated that ventral neural

pathways (IFOF and ILF) that connect these two frontal and

temporal regions to posterior parts of the brain play a role in

semantic processing (Almairac, Herbet, Moritz-Gasser, de

Champfleur, & Duffau, 2015; Duffau, Moritz-Gasser, & Man-

donnet, 2014; Ivanova et al., 2016; Xing, Lacey, Skipper-Kallal,

Zeng, & Turkeltaub, 2017). In our analyses, the disconnected
frontotemporal pathway significantly associated with audi-

tory comprehension impairments could be identified as the

left UF on awhitematter atlas. However, whether and how the

UF disruption affects auditory comprehension and semantic

processing remains a matter of debate as findings have been

inconsistent (Dick et al., 2014) and need further investigation.

Lastly, most disconnections related to aphasia severity and

naming performance did not survive correction for multiple

comparisons. One possible explanation may be that distrib-

uted representations of language function are associated with

aphasia severity and naming abilities (Baldo, Ar�evalo,

Patterson, & Dronkers, 2013; Hope & Price, 2016). Thus, while

SVR-DSM revealed some degree of anatomical specificity for

the other language impairments investigated in this study,

heterogeneous presentations of aphasia severity and naming

deficits could involve the disconnection of multiple white

matter pathways, resulting in lower statistical power in any

specific area of the brain and the detection of significant re-

lationships only at a bottleneck of fibers surrounding the

insula along the extreme capsule. Additionally, most of the

left AF was excluded from SVR-DSM analyses because it was

disconnected in almost all participants. Disconnection of this

tract may play a role in these language behaviors, but this

relationship could not be investigated in the present study

because of limited variance in our data. In another study that

examined binary disconnections in individuals with aphasia,

only 67% of the participants showed a disconnection of the AF.

The authors found a significant relationship between the

disconnection of the AF and aphasia severity and naming

scores (Geller et al., 2019). Other methods have also shown

that the integrity of this tract does play a role in the overall

aphasia severity at the tract level. A tractography study from

our group on a subset of the same data demonstrated that

participants whose left AF could not be delineated had more

severe aphasia (Braun et al., 2022). More work is needed to

understand the exact contribution of left frontotemporal dis-

connections in language impairments related to particularly

distributed representations of language function.

Surprisingly, we also found associations between discon-

nections along the corticobulbar/corticospinal pathway and

language scores. We can hypothesize that disconnection of

the corticobulbar pathway may burden patients with addi-

tional dysarthria (Urban, Hopf, Fleischer, Zorowka, & Müller-

Forell, 1997), hampering some of the language recovery after

a stroke.

4.2. Disconnectome-symptom mapping identifies
network disruptions critical in specific language processes
after stroke beyond the infarcted area

This study shows that language performance after strokemay

be predicted by structural disconnections from and beyond

the lesion site to different extents. While focal damage

seemed to be sufficient to explain broadmeasures of language

performance such as aphasia severity or naming,

disconnectome-symptom mapping identified a network of

areas where disconnections were associated with specific

linguistic deficits such as syntactic comprehension and pro-

duction or repetition. Importantly, this study did not aim at

comparing the predictive power of each method but instead

https://doi.org/10.1016/j.cortex.2022.06.016
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aimed at identifying the complementary information that

each approach can provide. In this study, disconnectome-

symptom mapping revealed connections that may be essen-

tial for functional reorganization. Their disruption may limit

the potential for recovery and results in deficits that persist at

the chronic stage, after the period of spontaneous recovery. As

described by Karnath and colleagues, when a cognitive func-

tion is distributed over a large number of voxels in the brain,

the statistical power of lesion-symptom mapping is limited

due to mutual exclusion between patients who will have the

same impairment from an injury in different brain regions

that are part of the same network (Karnath et al., 2019). We

speculate that this ‘partial injury problem’ was overcome to a

certain extent by disconnectome mapping, as it includes in-

formation from lesions that affect the same pathway in a

single unit (i.e., disconnected pathway). Specifically, patients

with the same language impairment and stroke damage

located at different areas along the same anatomical pathway

will show distinct lesion-symptom patterns in lesion-

symptom mapping and a similar disconnection-symptom

pattern in disconnectome-symptom mapping. For instance,

in this study, in addition to confirming the importance of

damage in the superior temporal gyrus in persistent syntactic

processing deficits with lesion-symptom mapping,

disconnectome-symptommapping allowed us to identify that

disconnections between this region and the middle and infe-

rior temporal gyri as well as the supramarginal gyrusmay also

play a role in the degree of chronic syntactic impairments.

Two recent studies using multivariate predictive models,

including one using disconnectome maps, showed that

structural connectivity disruptions predicted language per-

formance at a level as good as lesion models using damage

location only as input features (Salvalaggio et al., 2020;

Yourganov, Fridriksson, Rorden, Gleichgerrcht, & Bonilha,

2016). Despite a potential similar prediction power, mapping

clinical-anatomical associations at the disconnectome level

allows us to identify the disrupted networks that may impact

specific language skills.

Interestingly, disconnectome-symptom mapping reveals

brain-behavior relationships in areas not typically detected in

lesion-symptom mapping studies due to the biased spatial

distribution of stroke lesions. For instance, our results

confirmed the involvement of tracts underlying the superior

and middle temporal gyri in syntactic processing, as previ-

ously described in a VLSM study published as part of the same

multi-site project (Lukic et al., 2020), and additionally suggest

that syntactic deficits could also be explained by disrupted

connections with the inferior temporal gyrus which may

correspond to terminations of fibers from the AF (Lin et al.,

2020). We showed that these disconnections might impact

language processing even at the chronic stage. This hodo-

logical approach (Catani & Ffytche, 2005) informs us on the

topological distribution of potential structural modifications

in regions remote but directly linked to the infarcted area

associated with chronic language deficits after a stroke. For

instance, disconnection-symptom associations presented

here may indicate dysfunctional neural mechanisms such as

diaschisis (Carrera & Tononi, 2014; Fornito, Zalesky, &

Breakspear, 2015). However, this interpretation remains

speculative and needs further investigation. Further, the
continued relationship between left-hemisphere structural

disconnection topology and behavior at the chronic stagemay

reflect anatomical constraints limiting brain reorganization

and language recovery.

4.3. Methodological considerations

One advantage of the disconnectome-symptom mapping

technique is that it provides valuable information on the

neural basis of language deficits with data easily accessible

from a routine clinical scan (Karnath et al., 2019).

Disconnectome-symptom mapping partly accounts for brain-

behavior relationships in structural networks unified by

function (i.e., ‘partial injury problem’). Specifically, if two

different lesions affected the same tract and therefore the

same function but at different parts of this tract, the rela-

tionship with the language deficit may have better chances to

be detected in disconnectome-symptom mapping due to

stronger statistical power along the tract. However, similarly

to lesion-symptommapping, the anatomical pattern of stroke

damage may induce some localization bias due to non-

random disconnections in adjacent voxels (Ivanova et al.,

2021; Sperber et al., 2019; Xu et al., 2018). In addition, a high

overlap in disconnection patterns across participants limited

the analysis in parts of the language network (i.e., core of the

AF (anterior, posterior, and long segments) and IFOF (from the

posterior temporal lobe to the inferior frontal lobe), see

Fig. 3C). A bigger sample size including stroke survivors

without aphasia may help overcome this caveat in future

studies.

Finally, disconnectome probabilistic maps are derived

from the HCP data, which is a large set of high-resolution

diffusion imaging data of healthy controls that have been

preprocessed into tractograms. While tracts disconnected in

patients are hardly traceable with present tractography

techniques, it is essential to note that the probability of

disconnection is an indirect estimate for characterizing white

matter stroke disruptions and may not fully account for

changes in white matter integrity that occur after a stroke.

Further, the Human Connectome Project dataset contains a

majority of young, healthy individuals, which could reduce

the validity of our study due to amismatch of anatomical data

in older individuals. However, three studies have demon-

strated that the shape of tracts in disconnectome maps does

not significantly change with age (Foulon et al., 2018; Rojkova

et al., 2016; Thiebaut de Schotten et al., 2020).
5. Conclusion

In this innovative study, most of the individuals with chronic

aphasia presented consistent disconnections in a left peri-

sylvian structural network including parts of the arcuate, su-

perior longitudinal, inferior fronto-occipital and inferior

longitudinal fasciculi. All language scores were significantly

related to disconnections in the left perisylvian network.

However, while the relationships with aphasia severity and

naming seemed to be driven by focal damage only, discon-

nections significantly related to repetition, auditory compre-

hension, syntactic comprehension and syntactic production
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impairments demonstrated remote pathological effects

extending beyond lesion sites related to the same deficits.

Mapping disconnectome-symptom associations in chronic

aphasia is a complementary approach to better understand

the neural basis of some persistent language impairments by

extending previous lesion-symptom mapping findings to

network-level anatomical disruptions that can hinder specific

language functions. These results provide complementary

information on anatomical connectivity constraints limiting

neural reorganization and language recovery.
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