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Introduction

Abstract

Objectives: To investigate the hypothesis that language recovery in post-stroke
aphasia is associated with structural brain changes. Methods: We evaluated
whether treatment-induced improvement in naming is associated with reorgani-
zation of tissue microstructure within residual cortical regions. To this end, we
performed a retrospective longitudinal treatment study using comprehensive
language-linguistic assessments and diffusion MRI sequences optimized for the
assessment of complex microstructure (diffusional kurtosis imaging) to evaluate
the relationship between language treatment response and cortical changes in
26 individuals with chronic stroke-induced aphasia. We employed elastic net
statistical models controlling for baseline factors including age, sex, and time
since the stroke, as well as lesion volume. Results: We observed that improved
naming accuracy (Philadelphia Naming Test) was statistically associated with
increased post-treatment microstructural integrity in the left posterior superior
temporal gyrus. Moreover, increase in microstructural integrity in the left mid-
dle temporal gyrus and left inferior temporal gyrus was specifically associated
with a decrease in semantic paraphasias. This longitudinal relationship between
brain tissue integrity and language improvement was not observed in other
non-language related brain regions. Interpretation: Our findings provide evi-
dence that structural brain changes in the preserved left hemisphere regions are
associated with treatment-induced language recovery in aphasia and are part of
the mechanisms supporting language and brain injury recovery.

language therapy, but response to therapy is highly vari-
able and the mechanisms underlying language recovery
are not well understood.

Aphasia is the inability to process language and is a com-
mon functional deficit after a stroke."” Aphasia is typi-
cally associated with profound and negative consequences
to social interactions, autonomy, and quality of life.’
Approximately 40% of stroke survivors do not recover
acutely, and go on to experience disabling, chronic lan-
guage problems.* For individuals with chronic aphasia,
language recovery can be achieved through speech and
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A commonly hypothesized mechanism underlying
recovery is brain plasticity, whereby gray matter structures
that are partly damaged by the stroke may restore their
functions or re-train to perform new functions.” Possible
structural correlates of functional plasticity on the level of
neuron populations are changes in grey matter thickness
or density. While this is a promising and reasonable
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Figure 1. Lesion overlap map for all 26 included participants. Color bar indicates the number of participants with a lesion in that brain region.
The warmer the color the more participants had a lesion in that region. L = left hemisphere, R = right hemisphere.

assumption, there is a lack of empirical demonstration
concerning whether damaged structures do indeed recover
in association with functional recovery. This lack of evi-
dence impedes the development of further therapeutic
and mechanistic advancements in aphasia recovery and
stroke rehabilitation in general.

A likely explanation for the absence of evidence con-
cerning in-vivo structural plasticity in humans is the diffi-
culty in measuring subtle and complex microscopic
changes thus far. However, novel and innovative forms of
diffusion magnetic resonance imaging (dMRI) may now
provide an adequate approach to assess subtle and com-
plex brain microstructure, including longitudinal and
clinically meaningful changes.® In particular, a novel
dMRI approach to quantify brain tissue known as, diffu-
sional kurtosis imaging (DKI),”® may be especially useful
in this context. DKI assesses non-Gaussian water diffusion
properties, which are known to occur in the brain and
provides more sensitive quantification of stroke related
cellular and extracellular pathology.” In a pilot study, our
group demonstrated microstructural re-strengthening in
the inferior longitudinal fasciculus associated with aphasia
treatment and a reduction in semantic naming errors."”

In this longitudinal treatment study, we tested the
hypothesis that treatment-induced improvement in one
form of speech production (naming) in the chronic stage
of aphasia recovery would be associated with increased
post-treatment microstructural integrity in gray matter
regions related to language processing. We assessed retro-
spective data from individuals with chronic aphasia
undergoing a Phase II clinical trial with a well-controlled
treatment regimen as well as comprehensive language-
linguistic and MRI assessment pre- and post-treatment.
We used elastic net statistical models controlling for vari-
ous baseline factors including age, sex, and time since the
stroke along with lesion volume to assess if naming
improvement was statistically associated with microstruc-
tural change, thus providing novel evidence in the mecha-
nisms supporting recovery.

Table 1. Table summary of post-stroke aphasia participants.

Summary Value

Participants, N 26 (8 female)

tDCS condition during language treatment, N 12-A-tDCS
14-S-tDCS
Highest year of school completed, mean + SD 14+ 24
Age in years, mean + SD 57 £ 12
Time since stroke in months, mean 4 SD 36 + 31.2
WAB-AQ, mean + SD 54 + 20.3

Lesion size (mL), mean + SD 163.54 + 113.13

A-tDCS = anodal  transcranial  direct current stimulation; S-
tDCS = sham transcranial direct current stimulation; WAB-AQ, aphasia
quotient of the Western Aphasia Battery (revised).

Materials and Methods

Participants

Data analyzed in this study was obtained from a subset
of participants who completed a Phase II clinical trial to
evaluate the futility of transcranial direct current stimu-
lation (tDCS) in aphasia treatment."' All participants
had a history of single-event left-hemisphere ischemic
stroke that resulted in aphasia. The subset of partici-
pants whose data were analyzed here include 33 individ-
uals (10 Females; mean age of 58 years, standard
deviation of 12 years) of the 74 participants of the origi-
nal clinical trial. We chose this subset of participants
based on the criteria that they underwent pre- as well as
post-treatment MRI scans allowing longitudinal MRI-
based analyses. Figure 1 presents a lesion overlap map
for all participants. All participants were at least six
months post-stroke, right-handed, native English speak-
ing, and without a history of any other neurological dis-
ease affecting the brain (Table 1). All participants were
recruited at the Medical University of South Carolina
where the Institutional Review Board approved the
study.
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Upon study entry, participants were assessed for apha-
sia using the Western Aphasia Battery Revised (WAB-
R).'? Participants were classified as having aphasia if their
quotient score fell below 93.8, in accordance with the
assessment’s conventions.

Computer-based aphasia training and t-DCS
treatment

The behavioral treatment involved a computerized receptive
naming test, where participants were shown a picture of an
object, while viewing an audiovisual model of a speaker
who either correctly or incorrectly named that object. Par-
ticipants had to decide (yes/no response) if the picture
matched the word the speaker produced. Incorrect matches
were either semantically related, phonologically related, or
unrelated foils. Trial by trial, participants could respond to
correct matches with the press of a green button and to
incorrect ones with a red button. Immediate incorrect or
correct feedback followed each response alongside a display
of the participant’s accuracy. One hundred and sixty words
(different from the PNT) were dedicated for this task.

While participants were undergoing the computerized
treatment, they were randomized to receive either sham
tDCS (S-tDCS) or active t-DCS (A-tDCS). Both treatment
groups (S-tDCS and A-tDCS) received 3 weeks of the
computer-based aphasia treatment with a total of 15 ses-
sions within 21 days, each lasting 45-min.

Outcome measure: haming

In order to obtain quantifiable measures of functional
change, participants were tested with the Philadelphia
Naming Test (PNT)."” The PNT is a naming task that
includes the presentation of 175 drawings of mid to high
frequency nouns to assess confrontation naming abilities.
No PNT items were included in the computerized treat-
ment program; thus, improvement on the PNT represents
generalization from trained to untrained items. Naming
accuracy was determined based on the PNT scoring
guidelines with the exception to error types (semantic
errors, phonological errors). Rather than scoring based on
the first complete response, we scored errors based on the
last attempt. We administrated the PNT twice at baseline
and twice at 1-week post, to increase the reliability of par-
ticipants’ naming performance. We calculated the final
scores for each time point by averaging the repeats.

Naming errors made on the PNT, and analyzed in this
study, are as follows:

1 Correct naming score — number of correct naming
attempts (naming accuracy).

2 Semantic error score — number of sematic paraphasias
defined as when a semantically related but different
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word is substituted for the intended word (ex: “leg”
instead of “hand”).

3 Phonological error score — number of phonological para-
phasias defined as a replacement of a word with a simi-
lar sounding nonword in which at least 50% of the
segments and/or number of syllables of the intended
word is preserved (ex: “mook” instead of “book”).

Neuroimaging

Participants underwent dMRI pre-treatment and 1 week
after the completion of therapy. To measure microstruc-
tural changes in gray matter, we calculated kurtosis ten-
sors (Figure 2). Overall, increase of mean kurtosis is a
biophysical measure of tissue change and likely reflects an
increase of intact structures like cell membranes and orga-
nelles which restrict water diffusion in the gray matter.”

All participants were scanned at the Medical University
of South Carolina using a Siemens 3 T TIM Trio MRI
scanner (Siemens Healthcare, Erlangen, Germany) with a
12-channel head coil. A total of 131 volumes were collected
in three series, each with three degrees of diffusion weight-
ing (b-value=0, 1000, 2000 s/mm?): 30 diffusion-encoding
directions were acquired twice, for both b = 1000 and
2000 s/mm?, and eleven without diffusion weighting
(b =0). Some additional parameters were pixel band-
width = 1355 Hz/px, 2.7 X 2.7 X 2.7 mm’ isotropic voxels,
TR = 6100 msec, TE = 101 msec. To minimize the contri-
butions of eddy currents, we acquired all diffusion-weighted
images (DWI) using a twice-refocused gradient scheme and
without partial Fourier encoding. We utilized a 3D-TSE
SPACE protocol (160 sagittal slices, field of view (FOV) =
256 X 256 mm®, TE = 212 msec, TR = 3200 msec, echo
trains per slice = 2, echo train duration = 432 msec, turbo
factor = 129) to collect high resolution 1 mm’ isotropic
T2-weighted images. For anatomical reference, we gathered
T1-weighted images using 1 mm MPRAGE sequence: TI =
925 msec, TR = 2250 msec, TE = 4.15 msec, FOV=256-
X 256 mm?, 9° flip angle.

Diffusion and kurtosis tensors were estimated using
publicly available processing software: Nii_preprocess
(https://github.com/neurolabusc/nii_preprocess/). Raw
dMRI images were denoised,'* corrected for Gibbs ring-
ing,"” coregistered (FMRIB Software Library v5.0), and
smoothed before estimating the tensors using MRtrix3
dwi2tensor. Imaging processing and analysis were per-
formed in MATLAB R2019b using in-house developed
scripts and SPM12 (version 7487) (Functional Imaging
Laboratory, Wellcome Trust Centre for Neuroimaging
Institute of Neurology, University College London; http://
www.filion.ucl.ac.uk/spm/software/spm12/). Readers are
referred to Fridriksson et al., 2018 for details pertaining
to behavioral and neuroimaging methods.

1886 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 2. Representative example of magnetic resonance images obtained from one subject. Blue-green-yellow color bar represents mean
kurtosis measurements. Red color indicates lesion. (A) T1-weighted slices with 3D model. (B) Pre-treatment mean kurtosis slices with 3D model.

(C) Post-treatment mean kurtosis slices with 3D model.

Regions of interest

Structural analysis was restricted to language specific
regions of interests (ROIs) in the left hemisphere corti-
cal gray matter and its homologous right hemisphere
structures. Although the specific brain regions associ-
ated with the dorsal stream and ventral stream are
debated, we defined these two streams based on our
previous study'® and on Hickok & Poeppel 2007'7
using the John Hopkins University (JHU) atlas (15 left
hemisphere ROIs). In the left hemisphere dorsal stream,
structures included the inferior frontal gyrus pars oper-
cularis, inferior frontal gyrus pars triangularis, postcen-
tral gyrus, precentral gyrus, supramarginal gyrus,
anterior insula, and posterior insula. The ventral stream
in the left hemisphere included the inferior frontal
gyrus pars orbitalis, angular gyrus, superior temporal
gyrus, pole of superior temporal gyrus, middle tempo-
ral gyrus, inferior temporal gyrus, posterior superior
temporal gyrus, and posterior middle temporal gyrus.
In addition to the 15 left hemisphere regions, we
included the 15 homologous structures in the right
hemisphere to discern potential contributions of the
right hemisphere for treated aphasia recovery. Thus, in
total we included 30 brain regions in our analyses (vi-
sualized in Fig. S1). Although we only defined the lan-
guage streams in the left hemisphere, it is assumed that
the ventral stream is bilateral while the dorsal stream is
primarily left lateralized.

Statistical analysis

We used elastic net regularization to identify a set of predic-
tors balancing the highest possible predictive value with par-
simonious variable selection. Elastic net regularization is a
regularized regression model that is particularly useful in
cases with a multitude of variables, and that potentially show
multicollinearity (as it commonly occurs in gene analysis and
machine learning'®'?). In short, it combines the penalties of
lasso and ridge regularization methods. Here we applied ridge
and lasso regularizations in 0.1 and 0.02 increments, respec-
tively, from 0 (min) to 1 (max). Ten-fold cross-validation
was used to identify the best parsimonious model (conver-
gence criterion: 0.00001 with max. 100 iterations) from a set
of candidate independent variables listed below.

Three dependent variables were evaluated by separate
elastic net models:

1 Change in correct naming — Change in correct naming
responses from baseline to 1 week after treatment. Cor-
rect responses were calculated as the change of correct
responses from baseline to 1 week after treatment over
the room to improve at baseline

<0fcorrectresp0nsesatlweek — 0fcorrectresponsesatbaseline)

175 — numberofcorrectresponsesatbaseline
x100.

2 Change in semantic errors — Change in the semantic
error score from baseline to 1 week after treatment.

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association. 1887
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Semantic errors were calculated as the percentage of
semantic errors over the number of naming attempts

<ofsemanticerr0rsat1week 0fsemanticerrorsatbaseline)

ofattemptsatlweek ofattemptsatbaseline

x100.

3 Change in phonological errors — Change in the phono-
logical error score from baseline to 1 week after treat-
ment. Phonological errors were calculated as the
percentage of phonological errors over the number of
naming attempts

ofphonologicalerrorsatlweek ofphonologicalerrorsatbaseline
ofattemptsatlweek ofattemptsatbaseline

x100.

Candidate independent variables included in each of
the three elastic net models (unless otherwise noted):

1 Baseline Mean Kurtosis (each of the 30 regions) — mean
kurtosis for each region of interest before treatment.

2 Change in Mean Kurtosis (each of the 30 regions) —
change in mean kurtosis (from 1 week after the treat-
ment compared to baseline) for each region of interest.

3 Treatment — whether participants received A-tDCS
(value of 1) or S-tDCS (value of 0).

4 Sex — reported sex of participants (Male or Female).

5 Lesion volume — lesion volume in ml obtained by man-
ually drawn lesion maps.

6 Education — years of completed education — used as a
continuous variable in the model (for reference,
12 years indicate a high school diploma, 16 years indi-
cate an undergraduate degree, 17 or more years indi-
cate a graduate degree).

7 Age — reported age of each participant in years.

8 Time since stroke — time since initial stroke event in
months.

9 WAB-AQ - aphasia quotient of the Western Aphasia
Battery (revised).

10 Room to improve (limited to the model for change in
correct naming) — difference between baseline correct
responses and highest possible correct naming score
(175 - number of correct responses at baseline).

11 Percent attempts baseline (limited to model for change
in semantic errors and change in phonological errors) —
percent of naming attempts for all 175 items (number
of attempts at baseline/175).

Elastic net models were generated using IBM Statistical
Package for the Social Sciences (SPSS) program for Win-
dows (version 25, released 2017, IBM Corp., Armonk,
N.Y., USA). Pearson’s correlation coefficient test was run
on GraphPad Prism 6 for windows (Version 6.01, released
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2012, GraphPad Software Inc.). Participants that did not
have complete data sets were omitted from analysis.

Results

The term “predictors” from here onwards will be used for
variables that were obtained before treatment (baseline)
and were associated to be predictive of pre- to post-
treatment naming changes. “Associations” will be used for
variables that were measured pre- and post-treatment
whose changes were hypothesized to be associated with
changes in pre- to post-treatment naming.

Functional change

Participants displayed high variability in response to
treatment as summarized in Figure 3. For all 175 items in
the PNT, participants produced on average 49.5 (28.3%)
correct responses before and 55.9 (31.9%) correct
responses after treatment. Out of the 26 participants, 17
made more correct naming responses from before to after
treatment, seven participants made fewer correct
responses, and two showed no change in the number of
correct responses.

Semantic errors were observed with an average of 20
responses (11.4%) before and 16.6 (9.5%) responses after
treatment. Twenty participants made fewer errors after
treatment, six participants made more errors after treat-
ment, and zero participants showed no change in the
number of semantic errors from baseline to 1 week after
treatment. Phonological errors occurred less often than
semantic errors. On average 10.6 responses (6%) were
phonological errors before and 8.8 responses (5%) after
treatment. Out of the 26 participants, 12 made fewer, 11
made more, and three made an equal number of phono-
logical errors after treatment.

Additionally, we ran Pearson’s correlation analysis on
the three dependent variables to examine if there was any
relationship between them. All tests came out statistically
non-significant (p value >0.05). The change in correct
naming did not correlate with the change in semantic
errors (correlation coefficient = 0.06, p value = 0.75), the
change in correct naming did not correlate with the
change in phonological errors (correlation coefficient =
—0.27, p value = 0.17), and the change in semantic
errors did not correlate with the change in phonological
errors (correlation coefficient = —0.28, p value = 0.14).

Predictors and associations

To investigate potential predictors/associations of treat-
ment outcome, we created three separate elastic net mod-
els for each dependent variable: one for change in correct

1888 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 3. Box charts summarize participant performance on the Philadelphia Naming Test at baseline and 1-week post-treatment. The central
mark indicates the median while the 25th and 75th percentiles are indicated by the bottom and top edges of the box, respectively. The whiskers

wyn

indicate the most extreme non-outlier data points, and the “x

symbols indicate the outliers. (A) Correct naming score — number of correct

attempts; (B) semantic error score — number of semantic paraphasias; (C) phonological error score — number of phonological paraphasias. Solid
lines indicate improvement, doted lines indicate no change, and dashed lines indicate worsening from baseline to 1-week post-treatment.

naming, one for change in semantic errors, and one for
change in phonological errors. This model eliminated
nonsignificant independent variables, leaving the most
influential predictors/associations in the final models.

The elastic net model computed for the dependent
variable change in correct naming (Table 2) had an R-
square value of 0.616 with a sample size of 26. The
selected model included seven independent variables: six
predictors and one association. Structural predictors
included in the final model were (1) baseline mean kurto-
sis in the left postcentral gyrus (beta = —0.069), (2) left
supramarginal gyrus (beta = —0.173), (3) and left angular
gyrus (beta = —0.185). Associations included in the
model were (4) change in mean kurtosis in the left poste-
rior superior temporal gyrus (beta = 0.003). Non-
structural predictors included in the final model were (5)
whether participants received concurrent A-tDCS (beta
coefficient of 0.74), (6) years of education (beta = 0.142),
and (7) anomia severity (measured by correct naming
room to improve at baseline; beta = —0.179). A positive
beta-coefficient refers to a positive relationship between

© 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

the independent and dependent variable and vice versa.
For example, in the model for change in correct naming,
the variable “education” had a beta value of 0.142. This
means that for every 1.0 unit increase in the variable “ed-
ucation” (i.e., 1 year of education), there was a predicted
increase of 0.142 in change in correct naming. Brain maps
of the beta-coefficients of the elastic net model with the
dependent variable change in correct naming are dis-
played in Figure 4.

The computed elastic net model for the dependent vari-
able change in semantic errors (Table 2) had an R-square
value of 0.425 with a sample size of 25 (1 sample was dis-
carded due to incomplete data). The selected model
included two associations: (1) change in mean kurtosis in
the left middle temporal gyrus (beta = —0.031) and (2)
change in mean kurtosis in the left inferior temporal gyrus
(beta = —0.108). Brain maps of the beta-coefficients of the
elastic net model with the dependent variable change in
semantic errors are displayed in Figure 4.

The computed elastic net model for the dependent
variable change in phonological errors (Table 2) had an

1889
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Table 2. Table summary of elastic net regularization models created for each dependent variable.

Dependent variable Change in correct naming Change in semantic errors Change in phonological errors

R square 0.616 0.425 0.158
Number of 26 25 24
participants
Predictors Mean kurtosis at baseline Mean kurtosis at baseline

® Postcentral gyrus left (-0.069) ® Posterior Insula left (-0.008)

® Supramarginal gyrus left (=0.173)
® Angular gyrus left (-0.185)

Non-structural

® tDCS type (0.74)

® Education (0.142)

® Room to improve in correct
naming at baseline (-0.179)

Associations Change in mean kurtosis

® Posterior superior temporal gyrus left (0.003)

Change in mean kurtosis
o Middle temporal gyrus left (-0.031)
® |Inferior temporal gyrus left (=0.108)

The dependent variable change in correct naming was calculated as ((correct at 1 week) — (correct at baseline))/(175 — (correct at baseline)) *100.
The dependent variable change in semantic errors was calculated as ((percent semantic errors at 1 week) — (percent semantic errors at baseline)).
The dependent variable change in phonological errors was calculated as ((percent phonological errors at 1 week) — (percent phonological errors
at baseline)). The number in parenthesis indicates the beta coefficient for that variable in the model.

A) Change in Correct Naming B) Change in Semantic Errors C) Change in Phonological Errors

SMG
PoCG BL MK: -0.173
BL MK: -0.069

AG
BL MK: -0.185

MTG |
Change in MK: -0.031 BL M?(:n-s().OOB

ITG
Changeﬁﬂvﬁ(: o Change in MK: -0.108

Standardized Coefficients Beta

P |

>0 0 0.1 0.2
D ]

<0 0 -0.1 -0.2

Figure 4. Structural predictors and associations included in the final elastic net models for the dependent variables (A) change in correct naming,
(B) change in semantic errors, and (C) Change in Phonological Errors. Numbers are the standardized coefficients beta for each region. Warm
colors represent positive coefficients beta, cold colors represent negative coefficients beta. MK = mean kurtosis; BL = baseline; AG = angular
gyrus; PoCG = postcentral gyrus; pSTG = posterior superior temporal gyrus; SMG = supramarginal gyrus; IFG = inferior frontal gyrus,
MTG = middle temporal gyrus; pins = posterior Insula.

R-square value of 0.158 with a sample size of 24 (2 sam- or association with treatment outcome. We conducted

ples were discarded due to incomplete data). The selected
model included one predictor: baseline mean kurtosis in
the left posterior insula (—0.008).

In post-hoc analyses we assessed the relationship
between lesion volume and mean kurtosis for each region
selected in the elastic net models as significant predictor

univariate regression modeling and visual inspection of
scatterplots for responders (better naming performance
after treatment) and non-responders (worse naming per-
formance after treatment). Figures S2, S6, and S7 show
that there was no significant relationship between regional
lesion volume and change in mean kurtosis for the

1890 © 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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posterior superior temporal gyrus, middle temporal gyrus
and inferior temporal gyrus. In contrast, regional lesion
volume was significantly related to baseline mean kurtosis
for the postcentral gyrus, supramarginal gyrus, angular
gyrus, and posterior insula as shown in Figures S3, S4,
and S8.

Discussion

Our main objective was to assess the relationship between
improvement in naming and microstructural grey matter,
cortical integrity in individuals with chronic aphasia. We
build on our previous study by McKinnon et al., where we
reported structural changes in white matter tracts (i.e., left
inferior longitudinal fasciculus) associated with improve-
ment of semantic paraphasias.'® The study presented here
is an extension and expansion of the study by McKinnon
et al., analyzing more subjects (from 8 to 26) and expand-
ing analysis to gray matter structures. Our use of DKI
allowed us to examine longitudinal structural changes and
predictors associated with naming improvement.

Change in mean kurtosis

We found a significant association between the increase
of mean kurtosis in language-related cortical regions and
improved naming performance from before to after treat-
ment. While an increase in mean kurtosis does not always
reflect an improvement in brain microstructure,” previous
evidence suggests that, at least in gray matter of individu-
als with a chronic stroke, an increase in kurtosis typically
relates to an increase of intact structures in brain tis-
sue.””® Thus, change in grey matter kurtosis from before
to after the language training could potentially reflect one
or a combination of two types of mechanisms: change in
gray matter neurons (e.g., axonal sprouting, dendritic
branching synaptogenesis, or neurogenesis) or change in
gray matter neuronal support cells (e.g., astrocyte/mi-
croglial change in number or morphology).?! The under-
lying neurophysiological mechanisms of kurtosis change
were beyond the scope of this study. Nevertheless, a
change in mean kurtosis occurred in grey matter indepen-
dently of how much or if the region was at all damaged.
Thus, our results support both phenomena indicating that
gray matter changes occurred in areas compromised by
the stroke as well as in areas spared by the stroke.

In terms of correct naming, we observed that a
treatment-related increase in mean kurtosis in the left
posterior superior temporal gyrus was associated with an
increase in correct naming responses after treatment. This
observation is in synchrony with the vast literature on the
importance of the superior temporal gyrus to language.*”
*> The left posterior superior temporal gyrus, often

Aphasia Recovery and Brain Structure

referenced as part of Wernicke’s area, may constitute a
“hub” within the language network, meaning that this
region is particularly well linked to other language-related
regions, and is involved in naming and multiple other
language tasks.”> It may coordinate activity between the
ventral and dorsal language streams'”*® and lesions to the
posterior superior temporal gyrus have been related to
profound impairment in language processing.*”

In terms of semantic errors, we observed a relationship
between decreased numbers of semantic errors and
increased microstructural integrity of the left middle tem-
poral gyrus and left inferior temporal gyrus. These results
are in line with previous research suggesting that the mid-
dle temporal gyrus and the left inferior temporal gyrus
are associated with semantic control, and belong to the
ventral stream of language processing.'®*”*® Our longitu-
dinal findings provide additional evidence that not only
do these regions support semantic processing, but they
are also important for treated reductions in semantic
paraphasias.

The change in mean kurtosis in the posterior superior
temporal gyrus, middle temporal gyrus, and inferior tem-
poral gyrus occurred independently of how much these
regions were directly affected by the stroke lesion (see
supplementary Figures). This was the case for individuals
who improved after treatment as well as for individuals
who did not improve after treatment. The lack of a rela-
tionship between the predictive power of the change in
gray matter integrity in these regions and their lesion vol-
ume suggests that crucial microstructural treatment-
induced brain changes are not necessarily dependent on
how much or little a brain region was damaged by the
stroke. Because all three regions have in common that
they are part of the language network, the functional role
of regions in language processing (before and/or after the
stroke) might be more important why microstructural
changes support treated recovery as compared to the
lesion affecting a region. Thus, our results suggest that
meaningful microstructural changes can occur in regions
independently of their underlying structural damage. Nev-
ertheless, because values for lesion volume and mean kur-
tosis were averages for each brain region in our study,
future studies are warranted to localize the crucial
microstructural changes more precisely regarding the
underlying tissue properties whether changes occur in
lesioned or/and spared tissue.

Importantly, in our study we observed associative rela-
tionships, but we cannot infer a direct causal relationship
between changes in brain microstructure and correct
naming. Our findings encourage future studies to assess
how aphasia treatment can impact the microstructural
integrity of targeted regions and how these changes relate
to language improvements.
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Mean kurtosis at baseline

We observed that baseline microstructural integrity in
specific regions was associated with better naming perfor-
mance after treatment. This finding suggests that, not
only does an individual’s treatment response seem to
depend on the tendency of specific regions to undergo
plastic changes throughout treatment, but also on the
baseline integrity of specific regions. Similarly, the degree
of baseline functional impairment (or the room to
improve) is a well-known crucial predictor for treatment
outcome of individuals with post-stroke aphasia.*>*°
Thus, our study adds to the current evidence that both
baseline functional impairment and baseline structural
integrity are markers for treated naming recovery.

In our study, better baseline microstructural integrity
of the left posterior insula predicted fewer phonological
errors (better improvement) after treatment. While base-
line microstructural integrity of the insula was the only
selected predictor, the model had a low overall perfor-
mance (R-square = 0.158) ultimately providing relatively
limited predictive value. Reasons for the unsatisfying
model performance may reflect fewer phonological errors
across individuals at baseline and the even smaller change
in phonological errors after treatment.

While we found a positive relationship between base-
line structural integrity and improvement in phonological
errors, we found a negative relationship between baseline
structural integrity and improvement in correct naming
after treatment. In several regions (the left postcentral,
supramarginal, and angular gyri) lower Dbaseline
microstructural integrity predicted better improvement in
naming accuracy after treatment. It remains speculative
why worse and not better baseline microstructure pre-
dicted better treatment responses. Not surprising, we
found a strong relationship between baseline mean kurto-
sis and regional lesion volume (see supplementary Fig-
ures). The higher the lesion load to a region the lower
was the region’s microstructural integrity. Thus, a possible
explanation why worse microstructure predicted improve-
ment is the mutual exclusivity of lesions to certain brain
regions. Mutual exclusivity is defined by the phenomenon
where damage caused by a stroke to one brain region typ-
ically spares another region. This is largely due to the
architecture of the brain. For example, aphasia is most
caused by strokes in the middle cerebral artery (MCA).
The MCA divides into two major branches, the superior
and inferior branch. Across individuals, it is generally rec-
ognized that strokes localized to the superior branch
cause lesions in some regions while sparing other regions,
and strokes in the inferior branch tend to show the oppo-
site pattern regarding which regions are lesioned or
spared. Thus, individuals might benefit from treatment
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depending on which regions were spared by the lesion
and not which regions were lesioned. Mutual exclusivity
could be a mechanism that explains why lower baseline
microstructural integrity predicts better naming improve-
ment, but further research is necessary for more definitive
conclusions in this regard.

Right hemisphere homologous structures

We included left hemisphere ROIs and their right hemi-
sphere homologous structures as candidate factors in our
analyses. Microstructural integrity (baseline and/or
change) of the right hemisphere homologous structures
did not provide any additional predictive value for the
elastic net models fitted for the three dependent variables.
While previous research suggests the involvement of the
right hemisphere in aphasia recovery,”** our data indi-
cate that the predictive value of microstructural integrity
for treatment induced improvement is solely restricted to
language related regions in the left hemisphere. Our find-
ings do not necessarily negate an involvement of the right
hemisphere in aphasia recovery but suggest structural
integrity and plasticity in the left hemisphere is more sali-
ent. Indeed, other group have suggested involvement of
the right hemisphere in post-stroke aphasia recovery.”> >
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Figure S1. Thirty regions of interests defined by the Johns
Hopkins University. Regions of interests are associated
with the ventral and dorsal stream of language and its
right hemisphere homologous structures.

Figure S2. Relationship between change in mean kurtosis
from baseline to 1 week after treatment and lesion vol-
ume in the posterior superior temporal gyrus (pSTG) for
responders (colored in green; participants who produced
more correct responses after treatment compared to base-
line) and non-responders (colored in red; participants
who produced less or equal number of correct responses
after treatment compared to baseline).

A.J. Chang et al.

Figure S3. Relationship between mean kurtosis at baseline
and lesion volume in the precentral gyrus (PoCG) for
responders (colored in green; participants who produced
more correct responses after treatment compared to base-
line) and non-responders (colored in red; participants
who produced less or equal number of correct responses
after treatment compared to baseline).

Figure S4. Relationship between mean kurtosis at baseline
and lesion volume in the supramarginal gyrus (SMG) for
responders (colored in green; participants who produced
more correct responses after treatment compared to base-
line) and non-responders (colored in red; participants
who produced less or equal number of correct responses
after treatment compared to baseline).

Figure S5. Relationship between mean kurtosis at baseline
and lesion volume in the angular gyrus (AG) for respon-
ders (colored in green; participants who produced more
correct responses after treatment compared to baseline)
and non-responders (colored in red; participants who
produced less or equal number of correct responses after
treatment compared to baseline).

Figure S6. Relationship between change in mean kurtosis
from baseline to 1 week after treatment and lesion vol-
ume in the middle temporal gyrus (MTG) for responders
(colored in green; participants who produced less seman-
tic errors after treatment compared to baseline) and non-
responders (colored in red; participants who produced
more or equal number of semantic errors after treatment
compared to baseline).
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