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Abstract

Introduction: Stroke can induce large-scale functional reorganization of the brain; however, the spatial patterns
of this reorganization remain largely unknown.
Methods: Using a large (N = 116) sample of participants who were in the chronic stages of stroke, we present a
systematic study of the association between brain damage and functional connectivity (FC) within the intact
hemisphere. We computed correlations between regional cortical damage and contralateral FC.
Results: We identified left-hemisphere regions that had the most pronounced effect on the right-hemisphere FC,
and, conversely, right-hemisphere connections where the effect of damage was particularly strong. Notably, the
vast majority of significant correlations were positive: damage was associated with an increase in regional con-
tralateral connectivity.
Discussion: These findings lend evidence of the reorganization of contralateral cortical networks as a response to
brain damage, which is more pronounced in a set of well-connected regions where connectivity increases with
the amount of damage.
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Impact Statement

The relatively large sample size combined with our best-of-breed analysis methods provides us with sufficient statistical
power and spatial sensitivity to identify a set of brain regions where damage has the strongest impact on contralateral net-
works, and a set of contralateral functional connections that increase in strength in response to brain damage. Our results
demonstrate that the brain’s ability to reorganize itself after extensive damage is not distributed equally in space, but is
more likely to occur in specific core regions. We believe that the associations between brain damage and increased connec-
tivity in the ‘‘intact’’ hemisphere provide novel, and important, insight into the plasticity of the adult brain.

Introduction

Stroke has a profound effect on the brain, which extends
well beyond lesioned areas (Carrera and Tononi, 2014).

The axonal connections between the lesioned and spared
brain regions undergo the process of Wallerian degeneration
(Thomalla et al., 2005), leading to widespread disruptions of
the anatomical connectome (Bonilha et al., 2014). On the con-
trary, spontaneous recovery from stroke is at least partially
supported by sprouting of new axonal connections, as demon-
strated in animal models (Carmichael et al., 2001; Lindau
et al., 2013; Overman et al., 2012; Wahl et al., 2014). These

structural changes lead to a complex pattern of abnormal
brain activity in spared brain regions, which varies with
time, lesion volume and location, and the progress of recov-
ery (Anglade et al., 2014; Grefkes and Fink, 2014; Hartwigsen
and Saur, 2017). In patients with moderate or severe poststroke
functional impairment, abnormal activity in terms of electro-
physiological, metabolic, and hemodynamic response has
been observed in the contralateral as well as the ipsilesional
hemisphere [see review by Cocquyt et al. (2017)].

Some of the stroke-induced increase of contralateral activity
(as measured using functional magnetic resonance imaging
[fMRI]) likely reflects functional reorganization of cortical
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networks, which can supplant recovery in some partici-
pants. However, this signal may also be elicited by disinhibi-
tion, reflecting a maladaptive response in other participants.
Therefore, the role of the contralateral hemisphere in post-
stroke recovery remains controversial (Cocquyt et al.,
2017). For example, Anglade and associates (2014) propose
a model where the subacute phase of recovery (3 weeks to 6
months after the stroke) is associated with an increase of neu-
ronal activity in the contralateral hemisphere; in the chronic
stage (>6 months poststroke), this activity shifts to the ipsile-
sional hemisphere in cases of successful recovery, but persists
in the contralateral hemisphere in cases of weak recovery (Saur
et al., 2006). The observation of a shift in activity from contra-
to ipsilesional cortex opens the possibility of facilitating post-
stroke recovery by modifying the contralateral activity with
noninvasive brain stimulation, such as transcranial magnetic
stimulation (TMS) (Di Pino et al., 2014) and transcranial direct
current stimulation (tDCS) (Kang et al., 2018).

The poststroke change in patterns of brain activity is ac-
companied by a change in functional connectivity (FC),
that is, in synchronization of blood-oxygen-level-dependent
imaging (BOLD) signal within cortical networks. The most
robust result is the association between behavioral impair-
ment and a decrease in interhemispheric FC, observed, in
particular, within homotopic regions [for various types of be-
havioral impairment, this was reported by Carter and col-
leagues (2010); Baldassare and colleagues (2014); Xu and
colleagues (2014); New and colleagues (2015); Bannister
and colleagues (2016); Siegel and colleagues (2016, 2018);
Tang and colleagues (2016); Adhikari and colleagues (2017);
Sandberg (2017); Yang and colleagues (2017)]. This post-
stroke reduction in homotopic FC might have two possible
causes. The first cause is the direct effect of the lesion: if the
BOLD signal of the infarcted brain regions is essentially
noise, the correlation with the BOLD signal measured at intact
contralateral parts of the network must be small. The second
cause follows from diaschisis, where the FC between intact re-
gions of a network is reduced as an effect of damage to a re-
mote cortical region [this could be detected by excluding
lesioned areas from the FC analysis; see, e.g., Carter and asso-
ciates (2010); Baldassare and associates (2014); Tang and as-
sociates (2016); and Siegel and associates (2016)]. A question
remains, however: What is the impact of stroke on the FC with-
in the contralateral (intact) hemisphere?

Studies by Nair and associates (2015) and Siegel and asso-
ciates (2016) report no significant difference in contralateral
FC between chronic stroke patients and age-matched healthy
controls. On the contrary, Zhang and colleagues (2017) re-
port an increase in FC between contralateral middle frontal
and superior parietal regions in chronic stroke. Gili and col-
leagues (2017), using the graph-theoretical approach to study
therapy-induced changes in the contralateral network of
aphasia patients, report a post-therapy increase in eigenvalue
centrality of Brodmann areas 6 (premotor cortex/supplemen-
tary motor area) and 21 (middle temporal gyrus) accompa-
nied by significant behavioral improvement.

Here, we systematically address the question of the effect
of stroke on FC within the contralateral hemisphere. For this
purpose, we utilize structural and resting-state functional
neuroimaging data acquired in a large group of individuals
with chronic left-hemisphere stroke (N = 116). Strokes most
typically included portions of the left middle cerebral artery

territory, but the size and location of the lesion varied across
participants. Rather than limiting our analysis to predefined
resting-state networks, we look at all functional connections
between the regions of the contralateral hemisphere. Specif-
ically, we use a parcellation of gray matter ( Joliot et al.,
2015) that provides us with a large number of parcels (384
for the whole brain) of roughly similar size. This approach
gives us enough statistical power and spatial sensitivity to
answer two important questions: (1) Which functional con-
nections in the contralateral hemisphere are most affected
by the total amount of stroke-related brain damage and (2)
what are the ipsilesional brain regions where damage has
the strongest impact on contralateral FC?

Materials and Methods

Participants

Participants were recruited from the local community. The
research was approved by the Institutional Review Board at
the University of South Carolina and at the Medical Univer-
sity of South Carolina. Written consent was obtained from all
participants. Only individuals with a single ischemic or hem-
orrhagic stroke involving the left-hemisphere were included.
Participants with lacunar infarcts or with damage that only in-
volved the brainstem or cerebellum were excluded. The par-
ticipants were scanned between June 2007 and April 2018,
and 116 individuals were included in the data analyses. The
mean – standard deviation (SD) age was 59.1 – 10.6 years
(range, 29–81 years), and 23 were women. All participants
were at least 6 months poststroke at the time of neuroimaging
acquisition, and the mean – SD time since stroke onset was
38.1 – 50.5 months (range, 6–276 months). The participants
were recruited as part of a larger study of aphasic impairment
associated with left-hemisphere stroke (see Funding Informa-
tion section for grant numbers); however, 21 participants out
of 116 exceeded the cutoff for clinical aphasia (their aphasia
quotient as measured by Western Aphasia Battery (Kertesz,
2007) was greater than the clinical cutoff threshold of
93.8). See Table 1 for a breakdown of demographics.

Data acquisition

Images were acquired on a Siemens Trio 3T scanner
(equipped with a 12-element head coil) and a Siemens
Prisma 3T scanner (equipped with a 20-element head/neck
coil) located at the University of South Carolina and at the
Medical University of South Carolina. Three images relevant
for this work were acquired for each participant:

1. T1-weighted image utilizing an MP-RAGE sequence with
1 mm isotropic voxels, a 256 · 256 matrix size, 9� flip
angle, and 192 slices (TR = 2250 msec, TI = 925 msec,
TE = 4.15) with parallel imaging (GeneRalized Autocali-
brating Partial Parallel Acquisition [GRAPPA] = 2, 80 ref-
erence lines). The sequence required *7 min to acquire.

2. T2-weighted image using a sampling perfection with
application optimized contrasts using a different flip
angle evolution (3D-SPACE) sequence. This 3D TSE
scan uses a TR = 2800 msec, a TE of 402 msec, variable
flip angle, 256 · 256 matrix scan with 176 slices (1 mm
thick), using parallel imaging (GRAPPA = 2, 80 reference
lines). This used the same slice center and angulation as
the T1 scan.
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3. Resting-state fMRI: one functional run was acquired,
and the participants were instructed to stay still during
the acquisition. For 49 participants (scanned with the
12-channel coil on a Trio scanner), we acquired an
EPI sequence with 196 volumes, a 208 · 208 mm field
of view, a 64 · 64 matrix size, and a 75� flip angle, 34
axial slices (3 mm thick with 20% gap yielding 3.6 mm
between slice centers), TR = 1850 msec, TE = 30 msec,
GRAPPA = 2, 32 reference lines, sequential descending
acquisition. For the remaining 67 participants (scanned
with a 20-channel coil after the scanner was upgraded
to the Prisma platform), we used a multiband sequence
(x2) with a 216 · 216 mm field of view, a 90 · 90 matrix

size, and a 72� flip angle, 50 axial slices (2 mm thick
with 20% gap yielding 2.4 mm between slice centers),
TR = 1650 msec, TE = 35 msec, GRAPPA = 2, 44 refer-
ence lines, interleaved ascending slice order. For 50 par-
ticipants out of 67, 427 volumes were acquired; for the
remaining 17 participants, 370 volumes were acquired.

Preprocessing of structural scans

Lesions were manually drawn on the T2-weighted image
by a neurologist. The T2 image was coregistered to the T1
image, and these parameters were used to reslice the lesion
into the native T1 space. The resliced lesion maps were
smoothed with a 3-mm full-width half-maximum (FWHM)
Gaussian kernel to remove jagged edges associated with man-
ual drawing. We then performed enantiomorphic normaliza-
tion (Nachev et al., 2008) using the SPM12 and MATLAB
scripts we developed (Rorden et al., 2012) as follows: first,
a mirrored image of the T1 scan (reflected around the mid-
line) was created, and this mirrored image was coregistered
to the native T1 image. We then created a chimeric image
based on the native T1 scan with the lesioned tissue replaced
by tissue from the mirrored scan (using the smoothed lesion
map to modulate this blending, feathering the lesion edge).
SPM12’s unified segmentation-normalization (Ashburner
and Friston, 2005) was used to warp this chimeric image to
standard space, with the resulting spatial transform applied
to the actual T1 scan as well as the lesion map. The normal-
ized lesion map was then binarized by thresholding at 0.5.
Lesion size was computed as the number of voxels in the nor-
malized binary lesion map. Figure 1A shows the overlap of
lesions for our sample of participants.

To assess regional brain damage, we used the parcellation
of gray matter developed by Joliot and colleagues (2015).
The T1-weighted image was segmented into probabilistic
gray and white matter maps, and the gray matter map was di-
vided into 384 regions according to the atlas. In our sample,

Table 1. Demographics for Included Participants,

All of Whom Were at Least 6 months

Poststroke to the Left-Hemisphere

Demographics M (SD)

Age at assessment in years 59.33 (10.47)
Aphasia severitya

Max score allowed = 100
(no aphasia)

63.46 (28.40)

Months poststroke at assessment 38.31 (50.69)
Aphasia subtype 24 Anomic

42 Broca’s
12 Conduction
9 Global
1 Isolation
1 Transcortical sensory
0 Transcortical motor
6 Wernicke’s
21 Not aphasic by WAB

(‘‘Latent aphasia’’)

A wide range of aphasia subtypes and severities are demonstrated.
aAs measured by the Western Aphasia Battery Aphasia Quotient.
SD, standard deviation.

FIG. 1. (A) Overlap of
lesions in our sample of 116
participants (with the voxel
color indicating the propor-
tion of participants having a
lesion at that location). (B)
Gray matter regions that are
damaged in at least 20% of
our participant sample. Color
images are available online.
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participants with large lesions had enlarged lateral ventricles
(ipsilesional as well as contralateral); since the caudate nu-
cleus is located immediately next to the lateral ventricles,
ventricular enlargement created a problem with aligning
the caudate across participants. Therefore, we excluded the
regions of interest (ROIs) that were located within the cau-
date. For the remaining 354 ROIs (177/hemisphere), we
computed the regional damage as the ratio of the number
of lesioned voxels within the ROI to the total number of vox-
els in the ROI. Figure 1B displays the ROIs that were dam-
aged in at least 20% of our participants.

Preprocessing of fMRI

The resting-state fMRI data were corrected for motion
using the SPM12 ‘‘realign and unwarp’’ procedure with de-
fault settings. After that, we performed brain extraction
using the SPM12 script spm_brain_mask with default set-
tings. Slice time correction was also done using SPM12
(for the 67 participants acquired with a multiband se-
quence, this step was skipped). After that, the mean fMRI
volume for each participant was aligned to the correspond-
ing T2-weighted image to compute the spatial transforma-
tion between the fMRI data and the lesion mask. The fMRI
data were then spatially smoothed with a Gaussian kernel
with FWHM = 6 mm. The voxel-wise fMRI time courses
were detrended using the following regressors: mean sig-
nals from the white matter and from cerebrospinal fluid;
time courses of the six motion parameters estimated at
the motion correction step; linear, quadratic, and cubic
trends. Then, the time courses were bandpass-filtered using
the 0.01–0.1 Hz frequency band. After these steps, FC for a
pair of ROIs was computed as Pearson’s correlation coeffi-
cient between their mean fMRI time courses. For this study,
we focused on the connectivity within the ROIs in the right
(contralateral) hemisphere; given the 177 right-hemisphere
gray-matter ROIs, contralateral FC comprised 15,576 func-
tional connections.

To evaluate the participant’s motion, we computed mean
frame displacement as outlined in Power and colleagues
(2012). We used the rigid-body translation and rotation pa-
rameters estimated during the motion correction step to com-
pute frame-to-frame displacement as the sum of translational
and rotational displacement (for rotational displacement, we
used the head radius of 50 mm). Mean frame displacement
was estimated as the average of frame-to-frame displacements.
Due to the short duration of some of our scanning sequences
(6 min), we did not perform motion scrubbing as outlined in
Power and colleagues (2012); instead, we identified the contra-
lateral functional connections that were significantly correlated
with mean frame displacement, and discarded them from the
analysis.

Results

Influence of lesion size on contralateral FC

There was a large variation in lesion size in our participant
sample (range: 164–467,458 mm3; mean: 114,297 mm3; me-
dian: 95,852 mm3; SD: 99,162 mm3; interquartile range:
141,766 mm3). Lesion size was not significantly different
across the participants scanned with different fMRI se-
quences ( p > 0.09). The size of the lesion had an impact

on the FC in the right (contralateral) hemisphere: Pearson’s
correlation between lesion size and mean value of FC (com-
puted across all pairs of right-hemisphere ROIs) was 0.4444
( p = 0.0000006), and between median value of FC was
r = 0.4261 ( p = 0.0000019). The scatterplots of lesion size
versus mean/median contralateral FC are shown in Supple-
mentary Figure S1.

To identify which contralateral connections were most
impacted by lesion volume, we correlated the strength
(r-values) of the 15,576 functional connections between
right-hemisphere ROIs with lesion size. Supplementary
Figure S2 shows the distribution of the resulting correla-
tions. To correct for multiple comparisons, we controlled
the false discovery rate (Benjamini and Hochberg, 1995)
at a = 0.05. One thousand forty out of 15,576 correlations
survived this correction. After discounting the 212 func-
tional connections that were correlated with mean frame
displacement as well as with lesion volume, we ended up
with 828 correlations. The vast majority of them (821 out
of 828) were positive correlations, that is, greater lesion
size was associated with increased contralateral FC. The
strongest 10% of these positive correlations are displayed
in Figure 2A. Figure 2B shows the contralateral ROIs in-
volved in the functional connections, which were affected
by lesion size. The impact of lesion was most prominently
associated with increased strength (r-value) of contralateral
functional connections that involve regions around the tem-
poroparietal junction (including supramarginal gyrus and
posterior part of superior temporal gyrus), posterior parts
of occipital lobe, insula, Rolandic operculum, inferior fron-
tal gyrus, and the orbital part of middle frontal gyrus. Medi-
ally, this effect is observed most prominently in the posterior
cingulate gyrus, hippocampus, and precuneus.

The effect of lesion volume on contralateral FC was not
mediated by gender and scanner type. No right-hemisphere
connections showed significant group differences in correla-
tions between lesion volume and connectivity (converted to
Z scores via Fisher’s r-to-Z transform) when corrected for
multiple comparison (gender: p > 0.8; scanner type: p > 0.9).
The participant’s age at the time of scanning had no correla-
tion with any contralateral functional connections ( p > 0.3).
To test for the interaction between age, lesion volume, and
contralateral FC, we computed the product of age and lesion
volume and regressed out both age and lesion volume (Cohen
and Cohen, 1983, p. 305); then, we computed the correlation
between the residuals and the contralateral functional connec-
tions. No correlations were significant ( p > 0.9). We repeated
the analysis to test for the effect of the number of months
poststroke; likewise, no significant results were found (corre-
lations between months poststroke and contralateral FC:
p > 0.3; interaction analysis: p > 0.9).

In addition, we investigated the effect of lesion volume
on the betweenness centrality of the right-hemisphere
ROIs. Betweenness centrality is a graph-theoretical mea-
sure computed for the nodes of the network as the pro-
portion of all the shortest paths in the network, which
pass through a given node; if this proportion is high,
the node is a network hub (Rubinov and Sporns, 2010).
After correcting for multiple comparisons, we found no
right-hemisphere ROIs where betweenness centrality was
significantly correlated with lesion volume ( p > 0.15 for
all contralateral ROIs).
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Influence of regional damage on contralateral FC

The next question pertained to localizing brain regions in
the ipsilesional hemisphere, which, when lesioned, have a
strong impact on FC in the contralateral hemisphere. For
this purpose, we computed a set of correlation coefficients be-
tween the amount of regional damage in left-hemisphere ROIs
and the FC within the homologue right-hemisphere ROIs. We
only considered the left-hemisphere ROIs that had nonzero
damage in at least 20% of our participants; this was observed
in 105 ROIs, shown in Figure 1B. We computed the correla-
tion between the proportion of damage in each ROI (ratio
of the number of lesioned voxels to the ROI size) and
contralateral FC values for each pairing of the 177 right-
hemisphere ROIs (15,576 functional connections in total).
In total, we computed a set of 105 · 15,576 = 1,635,480 corre-
lation coefficients and the associated p-values, which were cor-
rected for multiple comparisons by controlling for the false
discovery rate using the Benjamini/Hochberg procedure at al-
pha = 0.05. One hundred fifty-five correlations survived multi-
ple comparisons correction. Then, we discarded the functional

connections that were significantly correlated with mean frame
displacement (and survived the FDR multiple comparisons
correction). This yielded 125 correlations; all of them were
positive, that is, damage to a left-hemisphere ROI was associ-
ated with increased right-hemisphere FC. Table 2 lists the
ROIs where damage was correlated with the strength of at
least two contralateral functional connections; these ROIs are
visualized in Figure 3. The largest number of significant corre-
lations was found for two left-hemisphere ROIs located within
the central sulcus (five and seven correlations); four significant
correlations were found for an ROI in the supramarginal gyrus;
three significant correlations were found for an ROI in the post-
central gyrus; two ROIs within the Rolandic operculum; and
one ROI in anterior insula. Figure 4 displays the functional
connections in the right (contralateral) hemisphere that were
significantly correlated with the damage in each of the seven
left-hemisphere ROIs listed above. To see whether the number
of significant correlations between contralateral FC and dam-
age to the specific ROI was related to the amount of damage,
we correlated it with the across-subject average of proportion
of damage to each ROI (Pearson’s r = 0.3646; p = 0.00013).

FIG. 2. (A) Contralateral functional connections that have the strongest correlation with lesion size (only strongest 10% of
828 such connections are displayed). The width and color indicate the strength of correlation with lesion size. (B) Contrala-
teral regions associated with functional connections that are significantly correlated with lesion size. The color of the ROI
encodes the number of functional connections stemming from that ROI, which are significantly correlated with lesion
size; only ROIs with at least 10 such connections are displayed. ROI, region of interest. Color images are available online.
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Discussion

Using a large cross-sectional sample of chronic stroke par-
ticipants, we evaluated the long-lasting impact of stroke on
FC within the contralateral hemisphere. In general, larger le-
sions were associated with higher contralateral FC, and lesion
volume was positively correlated with the average FC within
the contralateral hemisphere. It has been reported previously
(Golestani et al., 2013) that the immediate effect of stroke on
FC is negative, but in the late acute stage (>7 days post-
stroke), FC is not significantly different from age-matched
controls, which suggests a process of functional reorganiza-
tion during the acute stage. We speculate that larger lesions
(which also cause lasting functional behavior impairments,
as was seen in this sample re: aphasia) cause more prominent
functional reorganization, associated with an increase in FC
persisting into the chronic stage. The cross-sectional nature
of our studies precludes us from drawing strong conclusions
about the temporal process of such reorganization; this
would be a direction for future longitudinal studies with suf-
ficient statistical power.

The impact of the lesion is most pronounced in functional
connections that involve a particular set of brain regions, dis-
played in Figure 2. These brain regions are involved in many
bilateral functional networks, such as somatosensory, motor,
memory, interoceptive, salience, and default-mode networks,
along with, possibly many others. Therefore, the reported ef-
fect (of ipsilateral damage correlating with contralateral FC)
is not specific to any particular functional network. Many of
these regions (such as dorsal anterior cingulate cortex, precu-
neus, and posterior occipital lobe) have been described as

Table 2. Left-Hemisphere Gray Matter Regions of

Interests (According to the AICHA Atlas)

Where the Proportion of Damage Correlates

with the Strength of at Least Two

Contralateral Functional Connections

Left-hemisphere ROI

No. of significantly
correlated contralateral
functional connections

Anterior insula 4 14
Rolandic operculum 1 14
Putamen 3 14
Central sulcus 1 9
Rolandic operculum 2 9
Postcentral sulcus 1 8
Posterior insula 1 8
Anterior insula 3 6
Inferior frontal gyrus,

pars triangularis 1
4

Superior temporal gyrus 3 4
Precentral sulcus 4 3
Postcentral sulcus 2 3
Postcentral sulcus 3 3
Supramarginal gyrus 1 3
Anterior insula 5 3
Superior temporal gyrus 2 3
Supramarginal gyrus 3 2
Superior frontal sulcus 2 2
Anterior insula 2 2
Putamen 2 2

ROI, region of interest.

FIG. 3. Gray matter ROIs (listed in Table 1), where the proportion of damage is significantly correlated with the strength of
at least two contralateral functional connections. The number of functional connections associated with damage to each ROI
is indicated by the ROI color. Color images are available online.
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network hubs of the brain (van der Heuvel and Sporns, 2013),
which play a particularly important role in communicating
and integrating information due to their high degree of con-
nectivity to other regions. Perhaps high correlations with le-
sion size, observed in functional connections stemming from
some of these hub regions, could be explained by their pivotal
role within brain networks, such that poststroke reorganization
of networks is most prominent in these central nodes of the
brain (but it should also be noted that we did not find evidence
for effect of lesion size on right-hemisphere regional between-
ness centrality). However, the observed effect cannot be fully
explained by regional centrality: for example, contralateral
sensorimotor regions located around the central sulcus, despite
being reported as network hubs (van der Heuven and Sporns,
2013), did not show significant correlation between their FC
and lesion size. Another possible explanation, and an excit-
ing direction for future research, could be that the regions
in Figure 2 have a higher potential to reorganize after a
stroke, either through sprouting of new synapses or through
reactivation of previously silent synapses, irrespective of
their functional specialization or hub-status. Leveraging net-
work measures, such as mesoscale structure (Betzel et al.,
2018) as well as other metrics of communality, such as clus-
tering coefficient ( Sporns et al., 2004), in longitudinal de-
signs will be able to evaluate the reorganization potential
in these areas. Grefkes and Fink (2014) emphasize the use
of such network measures for stroke recovery research.

The location of the lesion plays a role in the reorganization
of the contralateral networks. We have demonstrated a set of
left-hemisphere areas where regional damage has a particu-
larly high correlation with right-hemisphere FC. These corre-

lations remain significant after we correct for multiple
comparisons across more than 1.5 million pairings of left-
hemisphere ROIs and right-hemisphere functional connec-
tions. Comparing Figures 2 and 3, it is interesting to see a
lack of symmetry: the set of right-hemisphere regions
where the connectivity is most sensitive to contralateral dam-
age (Fig. 2) and the set of left-hemisphere regions where
damage has the most impact on contralateral connectivity
(Fig. 3) are not entirely symmetrical (however, symmetry
is observed in the supramarginal gyrus, insula, and Rolan-
dic operculum). This is interesting, given that functional
connections between the homologues are among the most
robust functional connections in the healthy brain (Mišić
et al., 2014). However, we show that the impact of regional
damage spreads far beyond the functional connections of
the homologues; for example, damage to insular/opercular
regions was associated with increased connectivity between
areas that were far from the contralateral homologues, such
as long-range parieto-occipital and parieto-temporal connec-
tions (Fig. 4).

Because our study utilized a large sample of participants
with a wide range of lesion volume, we were able to identify
several contralateral functional connections that were corre-
lated with lesion volume. This method might be more pow-
erful than the comparison of functional connections in stroke
patients versus age-matched healthy controls, because FC in
healthy individuals varies widely across subjects (Finn et al.,
2015) and might not be statistically different from FC in par-
ticipants with small lesions. This could explain the lack of
significant difference in FC reported by Nair and colleagues
(2015) and by Siegel and colleagues (2016).

FIG. 4. (A) Contralateral functional connections that are positively correlated with damage in eight specific lesioned ROIs
(i.e., functional connectivity is greater in people with greater ROI damage). (B) Location of these seven ROIs in the left-
hemisphere. Color images are available online.
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To increase spatial sensitivity of our analysis, we used a brain
atlas that parcellated gray matter into a fairly high number of
ROIs (177/hemisphere). However, the statistical power of our
analysis is influenced by spatial distribution of lesions and, ulti-
mately, by vasculature (Shahid et al., 2017). It is possible that
our analysis has missed some brain regions where damage is
rare, but nevertheless has a considerable impact on the function
of contralateral networks. Moreover, due to the nature of partic-
ipant recruitment in our study, our data are representative of the
population of stroke survivors who have speech/language im-
pairment (which is a common symptom in left middle cerebral
artery stroke) and enroll to seek therapy. Therefore, we have in-
sufficient statistical power to identify brain regions supplied by
anterior and posterior cerebral arteries. However, due to the
large sample size (N = 116), our results are not entirely driven
by the spatial pattern of damage. For example, temporal regions
are damaged in a large portion of our participant sample (Fig. 1),
but damage in the majority of temporal regions is not signifi-
cantly correlated with contralateral FC; on the contrary, damage
to the inferior frontal sulcus and intraparietal sulcus is signifi-
cantly correlated with contralateral FC, despite being lesioned
less frequently.

Our study focuses on the relationship between chronic
damage and contralateral FC; a natural next step would be
to see whether this relationship is relevant for behavioral
performance. In particular, since severity and recovery of
poststroke aphasia are influenced by left-hemisphere damage
and possibly by consequent right-hemisphere reorganization,
a logical next step is to evaluate how our results relate to be-
havioral measures of speech and language. Motor function
is also of particular interest, given the observed effect of
damage to primary sensorimotor regions on contralateral net-
works. In addition to large cross-sectional studies, longitudi-
nal studies are needed to investigate the time course of
contralateral reorganization and its relevance for behavioral
recovery. Another interesting direction would be to see if
our results are symmetrical, that is, to investigate the effect
of right-hemisphere lesions on FC within the contralateral
left-hemisphere. Clinically, the understanding of the contra-
lateral hemisphere’s reorganization—and indeed, being able
to predict its reorganization pattern given ipsilesional metrics
such as overall lesion volume and, more crucially, regional
damage in critical ROIs—will allow us to improve prognos-
tication in stroke and leverage neuromodulatory therapies
(e.g., tDCS, TMS) and behavioral therapies shown to activate
specific contralateral regions, thus improving the recovery
potential. These findings are incredibly valuable to prognos-
tication and understanding the mechanisms of recovery in
persons living with chronic poststroke aphasia—the popula-
tion of interest of the present study—because these factors re-
main poorly understood.

The results that we have shown here—significant changes
in FC within the contralateral hemisphere in persons with rel-
atively large chronic stroke lesions—could be further appre-
ciated in future studies. One interesting next step would be to
evaluate edge FC (which they call eFC), as per a recent article
by Faskowitz and colleagues (2020), describing the relation-
ship between edges (connections) rather than nodes. While
tradition FC is calculated between nodes (or regions, as we
have done here), eFC is the correlation between two sets of
edges/connections. In this framework, brain regions with
weak node FC may still exhibit strong eFC, demonstrating

that the two areas may be engaged in a similar pattern of com-
munication, even if they are not strongly communicating with
each other. Therefore, evaluating eFC has the potential to
more comprehensively estimate the changes in contralateral
FC in chronic stroke, as a change in the overall pattern of
communication may also be present in the contralateral hemi-
sphere. Another future direction would be dynamic FC—that
is, quantifying the change in the temporal aspect of contralat-
eral FC in relation to ipsilesional lesion damage (Allen et al.,
2014). Recent work has also demonstrated that macroscale
brain features can be mapped to low-dimensional manifold
representations, or gradients, and identify cortex-wide pat-
terns associated with behavior (as discussed earlier, e.g.,
speech, language, motor), or to examine similarities in gra-
dients across clinical conditions (e.g., between subtypes of
aphasia, which typically associate with distinct left-hemisphere
damage and may therefore associate with distinct whole-brain
and contralateral gradients) (Margulies et al., 2016). Finally, re-
cent work utilizing dense sampling in typical adults (Gordon
et al., 2017) and the development of connectome fingerprinting
would allow us to explore, at the level of a single-subject, the
relationship of contralateral FC with behavior, as well as to ex-
amine the inter- and intrasubject variability in contralateral FC
[and, wherever possible, systematic variability may explain be-
havior (Gratton et al., 2018)].

We also acknowledge limitations to this study. We used
mass univariate modeling to explore the impact of lesion
within the contralateral hemisphere’s FC, and having con-
trolled for these multiple comparisons, may have increased
type II error. However, there are benefits to this type of mod-
eling, in that connections that reach significance—hundreds
that we have shown here—are likewise important and un-
likely to be false positive (type I error). These connections
can drive a priori hypotheses for the future work we have
discussed. While not a limitation, another caveat to this
study is that the population of study was those with residual
(chronic) functional impairments poststroke, thus reflecting
a sample that invariably had larger, and more impactful, le-
sions. Other works investigating contralateral functional
brain reorganization poststroke have been earlier in the re-
organization time line (i.e., subacute) and also those whose
functional impairments were likely to resolve within the
spontaneous recovery window (Siegel et al., 2016, 2018).
Therefore, the results we provide here are specific to those
with residual impairment many months after stroke, and
should be interpreted as such.

Conclusion

Several studies reported a poststroke increase of brain ac-
tivity in the contralateral hemisphere [see reviews by Grefkes
and Fink (2014), and by Cocquyt and associates (2017)]. Our
study describes an important complementary result: chronic
poststroke damage is associated with increased FC within the
contralateral hemisphere. This association is more evident in
several long-range connections, some of which involve con-
tralateral hubs. Moreover, certain regions are more likely to
have an impact on contralateral FC when damaged. Overall,
we believe that the association between patterns of damage
and patterns of increased contralateral FC opens a promising
new direction in studying brain networks and their response
to stroke.
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