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Background: There is an ongoing need for facilitating language recovery in chronic post-stroke aphasia. The primary aim of
this study (NCT01512264) was to examine if noninvasive intermittent theta burst stimulation (iTBS) applied to
the injured left-hemispheric cortex promotes language improvements and fMRI changes in post-stroke aphasia.

Material/Methods: Participants were randomized to 3 weeks of sham (Tx0) or 1-3 weeks of iTBS (Tx123). We assessed participants
who completed the first 2 functional MRI (fMRI) sessions (T1, T2) where they performed 2 overt language fMRI
tasks, and examined longitudinal response after 3 months (T3). Language performance and fMRI activation
changes, and relationships between these changes were assessed.

Results: From T1 to T2, both groups showed improvements on the Boston Naming Test (BNT). From T1 to T3, Tx123 im-
proved on the Aphasia Quotient, post-scan word recognition on the verbal paired associates task (VPAT), and
perceived communicative ability. Each group exhibited significant activation changes between T1 and T2 for
both tasks. Only the Tx123 group exhibited fMRI activation changes between T2 to T3 on the verb-generation
task and between T1 and T3 on VPAT. Delayed aphasia symptom improvement for Tx123 was associated with
increased left ventral visual stream activation from T1 to T3 (rho=0.74, P=0.0058), and with decreased bilater-
al supplementary motor area activation related to VPAT encoding from T2 to T3 (rho=-0.80, P=0.0016).

Conclusions: Observed iTBS-induced language improvements and associations between delayed fMRI changes and aphasia
improvements support the therapeutic and neurorehabilitative potential of iTBS in post-stroke aphasia recovery.
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Background

Post-stroke aphasia has an overall negative effect on a per-
son’s quality of life [1] and long-term health outcomes [2].
The current standard of care for the treatment of post-stroke
aphasia is speech/language rehabilitation [3], but improve-
ments diminish particularly in the chronic stage of stroke (ie,
more than 1 year post-stroke) and with increasing age [4,5].
Few therapies have been developed to augment aphasia re-
covery, particularly in the chronic stage. Given its significant
negative impact, development of strategies to improve recov-
ery in chronic post-stroke aphasia is warranted.

Noninvasive repetitive transcranial magnetic stimulation (rTMS)
has shown promise in promoting effective post-stroke language
recovery after stroke [6-11]. The majority of rTMS studies have
utilized inhibitory low-frequency stimulation (1-4 Hz) applied to
the unaffected right hemisphere of patients with post-stroke
aphasia [12]. However, excitatory rTMS of above 5 Hz to the
language cortex in the left hemisphere of healthy individu-
als [13] and those with primary progressive aphasia [14] have
been shown to improve language performance. Preservation
or maintenance of function in the canonical language areas of
the left hemisphere is of importance for better post-stroke lan-
guage recovery [15]. A specific rTMS paradigm called intermit-
tent theta burst stimulation (iTBS), which consists of a 2-second
train of TBS repeated every 10 s to deliver 600 pulses over 190
s, has exhibited promise for post-stroke aphasia treatment and
neurorehabilitation in previous open-label studies [6,7,11]. This
pattern of stimulation mimics that of hippocampal neuronal fir-
ing [16] and has been shown to facilitate motor-evoked poten-
tials for at least 1 h after stimulation [17]. Consequently, previ-
ous studies applying iTBS to left hemisphere language cortex of
aphasia patients have shown improved language performance
when iTBS was used as a primer for language therapy [6,11].

Only recently has a randomized, double-blind, sham-controlled
trial been conducted to investigate whether stand-alone iTBS ap-
plied to the ipsilesional hemisphere improves post-stroke apha-
sia [10]. Participants who received active iTBS exhibited signif-
icant improvements on the Boston Naming Test (BNT) and the
semantic fluency test (SFT) from baseline (T1) to immediately
post-treatment (T2), and a delayed improvement in the Western
Aphasia Battery aphasia quotient (AQ) at 3 months post-treat-
ment (T3) that were not observed in those who received sham
iTBS [10]. The current study reports on a subset of these partic-
ipants who additionally completed 2 overt language fMRI tasks
during the same MRI sessions and additional language assess-
ments at least at the first 2 time points, with the primary aim
to examine iTBS-induced changes from baseline to immediate
post-treatment (T1 vs T2). Secondary aims were to investigate
any residual or sustained effects of treatment after 3 months (T2
vs T3) and any potentially delayed or continued improvement
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after 3 months compared to baseline (T1 vs T3). Thus, the cur-
rent study aims to extend our knowledge of the effects of iTBS
as a stand-alone treatment for chronic post-stroke aphasia.

Material and Methods

Study design

All study procedures were approved by the Institutional Review
Board at the University of Cincinnati (UC) and University of
Alabama at Birmingham (UAB) and conducted according to
Declaration of Helsinki ethics principles. All participants pro-
vided written informed consent. The trial was registered at
clinicaltrials.gov (NCT 01512264). We conducted a pilot dou-
ble-blinded randomized sham-controlled trial of iTBS for the
stand-alone treatment of chronic post-stroke aphasia. Prior to
initiating the study, randomization envelopes containing group
assignments were prepared (Table 1). Participants were ran-
domized into 3 weeks sham (Tx0) or iTBS (Tx123; dosing strat-
egies: 1 week iTBS with 2 weeks sham, 2 weeks iTBS with 1
week sham, or 3 weeks iTBS). Only the iTBS treatment staff
were not blinded to group assignment, but were blinded to
baseline assessment results. The randomization envelope was
opened only after motor threshold (MT) determination used to
set treatment stimulation parameters. Treatment assignments
were revealed only after all participants completed the study.
Participants underwent fMRI and language assessments at
baseline (T1), within 1 week immediately following treatment
(T2), and 3 months after treatment completion (T3).

Participants

Adults >18 years old who had suffered a single ischemic left
middle cerebral artery stroke >1 year prior to enrollment were
recruited. Individuals with pre-stroke English fluency and
Token Test scores below the 90t percentile were eligible [18].
Exclusion criteria included receiving language therapy within
3 months prior to enrollment, having an underlying degenera-
tive metabolic disorder, self-reported depression or other psy-
chiatric disorders, contraindications to undergoing 3T MRI or
to being administered TMS, and pregnancy or positive urine
pregnancy test in women of childbearing age. The CONSORT
diagram in Figure 1A outlines study recruitment. Of 62 indi-
viduals offered participation, 26 declined. Of 36 who consent-
ed, 5 were withdrawn after screening (1 experienced a pre-
vious seizure, 1 could not undergo fMRI, and 3 scored »90*
percentile on the Token Test). Another 3 were withdrawn for
completing less than 2 assessments and were lost to follow-
up (no completed fMRI or iTBS). Four of 28 randomized par-
ticipants did not complete overt fMRI tasks at both T1 and T2
and were not included in analysis. Of the 24 remaining par-
ticipants, 18 attended all 3 visits (6 did not complete T3). Due
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Table 1. Baseline data of stroke participants who completed the overt fMRI language tasks for the first 2 time points and were
included in the analyses (N=24). Based on the randomization procedure, the subjects received variable number of sham and
active iTBS treatment (Tx) weeks.

Participant Handedness Age at scan fMRI sessions iTBS Tx weeks
PART002 33 Right M 64.6 14 3 0 Tx0
CPARTO12 a Rght  F 238 23 2 o ™o
PARTO1 TR Rght  F s6 2 3 o ™o
CPARTO23 °o Right | Mmoo s46 37 3 o ™o
CPARTO24 - a left | Mmoo a1 33 3 . o ™o
PARTO36 2 Right | Mo e 22 3 o ™o
CPARTOOT 28 Rgt  F 79 34 31 a3
CPARTOI0 34 Right | Mmoo a1 13 31 a3
CPARTOI3 0 Rght  F 666 2 31 T3
CPARTO21 °o Right | Mmoo 64 17 2 1 a3
CPARTO30 31 Right | Mo 847 13 2 1 a3
CPARTO34 PR Right | Mmoo 73 09 31 T3
CPARTOO3 PR Rght  F s78 3 3 2 Tas
 PARTOOS °o Right | Mmoo s7 21 3 2 Tas
CPARTO22 3 Right | Mmoo 533 12 3 2 a3
CPARTO27 @ Right | Mo 674 127 2 2 Tas
CPARTO33 7 Right | Mo s .. 2 2 Tas
CPARTO35 - 4 Right | Mmoo %62 12 3 2 a3
PARTOOS 6 Right | Mmoo 406 20 3 3 Txas
CPARTO09 a1 Right | Mmoo so7 11 3 3 T
CPARTOIT 6 Rght  F 74 165 > 3 T
CPARTO14 39 et F 618 a4 3 3 T
PARTO20 33 Right | Mo 621 27 3 3 Tas
CPARTO32 39 Rght  F s72 11 3 3 Tas

TT — Token Test score; YSS — years since left hemisphere ischemic stroke.

to the high dropout rate (12/36), all participants treated with
active iTBS were combined (Tx123; n=18) and compared to
sham (Tx0; n=6). The 24 participants included in analysis are
a subset of a larger previously reported study [10].

Assessments

Assessments at T1, T2, and T3 included the Boston Naming Test
(BNT) [19], Controlled Oral Word Association Test (COWAT) [20],
Semantic Fluency Test (SFT) [20,21], and the Western Aphasia
Battery-Revised (WAB-R) to determine Aphasia Quotient (AQ) [22],
which were described in a larger previously reported study [10].
Participants were also assessed using the Complex Ideation sub-
set of the Boston Diagnostic Aphasia Examination [23], Peabody
Picture Vocabulary Test (PPVT) [24], WAB-R Apraxia Total score
[22], and the mini-Communicative Activity Log (mini-CAL) for
perception of everyday communicative ability [25].

Transcranial Magnetic Stimulation

Sessions occurred 5 days/week over 3 weeks. Prior to iTBS,
resting and active MTs were determined via surface elec-
tromyography leads placed over the left first dorsal interos-
seous muscle. Brainsight’s neuronavigation system (Rogue
Research, Inc.,, Montreal, Canada) and structural MRI were
used to identify the right hemisphere motor cortex and then
apply a single TMS pulse using a Magstim Rapid2® figure-of-8
coil (Magstim Co., Wales, UK). Resting and active MTs were
determined by the minimum stimulation intensity that elic-
ited >50 pV and >200 pV, respectively, for motor-evoked po-
tential amplitude in at least 5/10 consecutive trials. Results
of a semantic-decision/tone-decision task (detailed descrip-
tion in [6] as part of an open-label iTBS trial) whereby a loca-
tion in and around the left inferior frontal gyrus (IFG) that was
most responsive during fMRI was identified and used as the
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Excluded from
analysis (n=4)

,—> « Did not complete both
T1and T2 fMRI (n=4)

Subjects with
LMCA stroke
offered
participation
(n=62)

Patients
accepted
participation
and consented
(n=36)

Randomized
(n=28)

Included in analysis (n=24)

« 3 weeks sham (n=6)
—has T3 fMRI (n=5)

« 1 week iTBS +2 weeks sham (n=6)
—has T3 fMRI (n=4)

« 2 weeks iTBS +1 week sham (n=6)
—has T3 fMRI (n=4)

3 weeks iTBS (n=6)
—has T3 fMRI (n=5)

.

Withdrawn (n=8)
« Seizure (n=1)
«fMRI (n=1)

<TT >40 (n=3)
«Lostto F/U (n=3)

Declined to
participate
(n=26)

Figure 1. Overview of CONSORT flow diagram (A) and composite lesion maps for the iTBS treatment groups (B). (A) The diagram
outlines recruitment of subjects who suffered a left middle cerebral artery (LMCA) stroke and how many participants did and
did not complete both fMRI visits at baseline within 1 week of iTBS treatment initiation (T1), within one week of treatment
completion (T2), and again after 12 weeks following treatment completion (T3). (B) The composite lesion map color scale
for the sham iTBS group (top; n=6) ranges from the minimum (n=1 in light blue) to the maximum (n=6 in yellow) number
of participants that show overlap of lesions in 2 locations indicated by the crosshairs in the sagittal and axial slices. The
composite lesion map color scale for the active iTBS group (bottom; n=18) ranges from the minimum (n=1 in dark orange)
to the maximum (n=14 in maroon) number of participants that show overlap of lesions in 2 locations indicated by the
crosshairs in the sagittal and axial slices. Left in the image is left in the brain. The inferior to superior horizontal lines on the

coronal images indicates each axial slice from left to right.

iTBS target. A neuroimaging and stroke expert (JPS) blinded
to treatment arms reviewed each participant fMRI activation
maps and determined the final iTBS target. Once MTs were
determined, the randomization envelope was opened, and
either the figure-of-8 stimulation or sham coil was used to
apply 600 iTBS or sham pulses, respectively over 200 s with
intensity set to 80% active MT [6,7,17]. The safety of this ap-
proach has previously been determined in stroke patients
[6,7]. Participants were monitored for adverse events during
and after each session.

Overt Language Functional MRI Tasks

Participants performed 2 overt language tasks during event-
related fMRI that were acquired using sparse-sampling acqui-
sition [26]. For each task, stimulus events were presented for
6 s during MRI silence to allow for an overt response to be re-
corded and then later transcribed. In the following 6 s, 3 fMRI
volumes were acquired to capture the peak blood oxygenation

level-dependent (BOLD) response to the prior event trial (e,
task stimulus presentation and overt response) [27].

The verb generation task (VGT) involved auditory presentation
of a noun, and participants were presented with visual instruc-
tions to either think of verbs related to the noun (“think verbs”
for covert verb-generation), say the verbs related to the noun
out loud (“say verbs” for overt verb generation), or repeat the
noun out loud (“repeat noun” for overt repetition) [27]. The
verbal paired associates task (VPAT), involved visual presenta-
tion of a pair of related words separated by a hyphen that ei-
ther rhyme (“bee-tree”), have opposite meanings (“dry-wet”),
are synonyms (“large—big”), or are semantically related (“sun-
moon”). Participants were instructed to either read aloud or
generate the second word out loud [28-30]. For the “read”
condition, the second word was provided as in the examples
above. For the “generate” condition, only the first letter of the
second word was provided followed by asterisks for each re-
maining letters of the word (eg, “bee-t***”), and participants
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Table 2. Variables for the study participants who completed at least the first 2 fMRI visits (T1, T2), and those who returned for a
follow-up visit 3 months post-treatment (T3). Participants are grouped according to receiving sham (Tx0) and active iTBS

(Tx123) treatment.

T1: Tx123

Variable

T2: Tx123 T3: Tx123

(n=18)

(n=18) (n=13)

BNT 41 (13.6) 29.7 (20.1) 48.8 (10.3) 35.6 (21.0) 47.6 (9.6) 28.1 (23.5)
N 255 89" 128 103 292 (06) 146 (112) 304 (53) 136 (118)
cowar 03(7) 7264 102 (56 8779 126 (55 70y
it 85(44) 67 (28 0238 6535 08(38) 6833
T 188 (242) 184 (256)a 1842 (156) 1858 (29.6¢ 199 (9.5) 1756 (350)

gfoi}gn’i‘fhma 83.1 (12.6)* 58.4 (29.7)*  80.1 (12.4) 57.9 (30.8)c 84.4 (11.1) 61.5 (33.1)

Correct trials for
“say verbs”#

Non-verb words for
“say verbs”

Correct trials for
“repeat nouns”***

fMRI Verbal Paired
Associates Task

Correct trials for
dlreadH**

Correct trials for
“generate”*

Post-scan Recognition
Memory

Correct memory for

a*
“read”™ 20.8 (4.5)

14.1(6.5)>*

20 (5.3)

Correct memory for

cgenerate™ 20.8 (5.2)*

12.4 (7.0)>*

13.6 (6.8)° 17.4 (12.3) 15.6 (6.8)

Scores reported as mean (SD) for each variable. Tx0 and Tx123 groups compared at baseline using 2-sample t-tests. * P<0.05;
** P<0.005; *** P<0.001; # 0.05< P<0.10.  Missing data for 1 subject; ® missing data for 2 subject; ¢ missing data for 3 subjects;
4 missing data for 4 subjects; ¢ missing data for 5 subjects; f missing data for 6 subjects; & missing data for 7 subjects.

had to generate the second word out loud. After the scan, par-
ticipants were presented with the target word (eg, “tree” from
“bee-t***") along with 2 foils (eg, “bush” and “grass”) to as-
sess recognition memory.

MRI Data Acquisition
Neuroimaging was performed using a 3.0 Tesla MRI system. At

UG, 3 participants were scanned on a Philips Achieva scanner
(Philips Medical Systems, Eindhoven, Netherlands) to acquire

T2*-weighted fMRI scans while performing the VGT and VPAT
(TR/TE=2000/38 ms, FOV=24.0x24.0 cm, matrix=64x64, 32
axial 4-mm-thick slices) and T1-weighted anatomical scan
(TR/TE=8.1/3.7 ms, FOV 25.0x21.1x18.0 cm, matrix 252x211,
flip angle 8°, 1-mm slices). At UAB, 14 participants were scanned
on a Siemens Allegra scanner, and after scanner upgrade, 7 par-
ticipants were scanned on a Siemens Prisma scanner (Siemens
Medical Solutions, Erlangen, Germany) to acquire T2*-weighted
fMRI scans while performing the VGT and VPAT (TR/TE=2000/38
ms, FOV=24.0x24.0 cm, matrix=64x64, 32 axial 4-mm slices;

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

€934818-5




CLINICAL RESEARCH

after scanner upgrade, TR/TE=2000/35 ms, FOV=24.0x24.0 cm,
matrix=64x64, 32 axial 4-mm slices) and T1-weighted anatom-
ical scan (TR/TE=2300/2.17 ms, FOV 25.6x25.6x19.2 cm, ma-
trix 256x256, flip angle 9°, 1-mm-thick slices; after scanner
upgrade, TR/TE=2300/3.37 ms, FOV 25.6x25.6x19.2 cm, ma-
trix 256x256, flip angle 9°, 1-mm slices). Participants were fit-
ted with an MRI-compatible headset, response device in their
left hand, and an emergency squeeze bulb. A mirror/screen
system was positioned for viewing visual stimuli. Once par-
ticipants were positioned in the scanner, a localizer scan was
performed followed by anatomical and fMRI scans.

Functional MRI Data Processing

AFNI software was used MRI analysis [31], including anatomi-
cal-fMRI scan alignment and motion correction [32]. Each par-
ticipant’s lesion probability map was created, [33] and used
to infill anatomical scan lesions to improve normalization into
Montreal Neurologic Institute (MNI) space and create com-
posite lesion maps (Figure 1B). Spatial smoothing of 6-mm
Gaussian full-width half-maximum was performed for fMRI
scans. Statistical modeling of BOLD response for event types
in each task was performed at the single-subject level, while
accounting for signal drift and head motion. For the VGT, gen-
eral linear modeling (GLM) was performed to contrast “say
verbs” vs “think verbs” (isolate activation related to speech
production/auditory processing) and contrast “say verbs” vs
“repeat nouns” (isolate activation related to semantic process-
ing). For the VPAT, GLM was performed to contrast “generate”
and “read” conditions (isolate activation related to word gen-
eration and encoding).

Statistical Analyses

Participant characteristics and performance were analyzed
using SAS, version 9.4 (Cary, NC), and P<0.05 was considered
significant. Two-sample t-tests assessed baseline differences
between Tx0 and Tx123. Fisher’s exact tests were performed
to assess baseline group differences in categorical variables
(ie, sex and handedness). The Shapiro-Wilk test for normali-
ty was performed for the change between time points (T2-T1,
T3-T2, and T3-T1) for each behavioral measure for each group.
Paired t-tests were performed to assess changes in normally-
distributed measures, while the Sign test was performed for
measures that did not meet the conditions of normality to ex-
amine immediate post-treatment changes induced by sham
or iTBS (T2-T1), residual effects after 3 months (T3-T2), or if
there were delayed effects after 3 months (T3-T1). Missing
data at various time points (Table 2) affected sample size for
each paired comparison. Significance thresholds for paired
comparisons were P<0.05 (uncorrected), and P<0.0167 after
Bonferroni correction for multiple comparisons.
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AFNI software was used for MRI statistical analyses [31].
Immediate changes (T2-T1) in fMRI contrasts for each group
were assessed using whole-brain paired-samples t-tests, which
was the primary study aim. T3-T2 and T3-T1 changes for each
group were also performed using paired-samples t-tests to ex-
amine 3-month post-treatment effects, and response sustain-
ability or potentially delayed treatment effects after 3 months.
The 3dFWHx program estimated smoothness of noise and fit
a mixed model and then the 3dClustSim program determined
the number of voxels/cluster necessary for different thresh-
olds [34]. Monte Carlo simulations (n=10,000) calculated clus-
ter thresholds for voxelwise P=0.05 necessary to achieve sig-
nificant activation clusters at corrected P<0.05.

Associations Between fMRI Activation Changes and
Performance Changes

Brain and behavior relationships were explored for each signif-
icant time-dependent change in fMRI activation in the Tx123
group (T2-T1, T3-T2, and T3-T1) for each task. The average
signal for each cluster showing significant changes was ex-
tracted from each participant. The change in signal was then
correlated with change in behavioral performance for assess-
ments that showed significant changes in the Tx123 group at
the corresponding time points. Finally, to replicate previous
open-label study results of language therapy primed with left
hemisphere iTBS in post-stroke aphasia, an exploratory corre-
lation analysis was performed in the current RCT design using
a functionally-defined a priori region of interest in which there
was a significant negative correlation between T3-T2 VPAT ac-
tivation changes in bilateral supplementary motor area (SMA)
and AQ change [11]. Thus, in the current study the change in
signal from T2 to T3 in the functionally-defined SMA region of
interest was correlated with change in AQ between time points
showing significant improvements. SAS version 9.4 (Cary, NC)
was utilized for Spearman correlation analyses, with P<0.05
considered significant and Bonferroni correction for multiple
comparisons as appropriate.

Results

Baseline Group Characteristics

Tx0 and Tx123 did not significantly differ in the proportions of
males and females or those who are right-/left-handed, age at
MRI scan, years since stroke, and baseline Token Test scores
(Table 1). At baseline, Tx0 performed better than Tx123 on the
SFT (P=0.016), AQ (P=0.011), number of correct trials for VGT
“repeat nouns” (P<0.001), number of correct trials for the VPAT
“read” condition (P=0.005), and number of correctly remem-
bered words for “read” (P=0.028) and “generate” (P=0.018)
conditions on the post-scan memory test (Table 2). Tx0 and
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W X0 (n=5) W X0 (n=4) W X0 (n=3)
@ X123 (n=12) @ X123 (n=11) @ Tx123 (n=8)

Figure 2. Assessments showing significant changes over time for the treatment groups between the 3 fMRI visits: (A) between
baseline (T1) and immediately after treatment (T2); (B) between T2 and at 3-month follow-up (T3); (C) between T1 and
T3. Mean +SEM are indicated on the graphs, with the line at top part of graph indicates a significant difference between
time points for Tx0, while the line at bottom part of graph indicates a significant difference between time points for
Tx123. * P<0.05; ** P<0.01; *** P<0.001. TxO — 3 weeks sham; Tx123 — at least 1 week of iTBS; BNT — Boston Naming Test;
COWAT - Controlled Oral Word Association Test; AQ — Aphasia Quotient score on the Western Aphasia Battery-Revised;
Mini-CAL — mini-Communicative Activity Log; Recognition — read — number of correctly remembered words from the “read”

condition of the verbal paired associates task.

Tx123 did not significantly differ in performance for other base-
line assessments, although there was a trend of better Tx0
performance on the WAB-R Apraxia Total (P=0.059), the num-
ber of correct trials for VGT “say verbs” (P=0.092), and number
of correct trials for the VPAT “generate” condition (P=0.082).

Changes in Behavioral Performance

Performance and number of participants with missing data at
each visit for each group are summarized in Table 2. Between
T1 and T2 (Figure 2A), Tx0 showed improvement for the BNT
(P=0.010; n=6) and number of correctly remembered words
from the VPAT “read” condition (P=0.041; n=5), and Tx123
showed improvement for BNT (P<0.001; n=18), AQ (P=0.036;
n=14), and Apraxia Total (P=0.031; n=14). Only improvements
in BNT for Tx0 and Tx123 remained significant at P<0.0167

after Bonferroni correction. Between T2 and T3 (Figure 2B),
Tx123 showed decline for BNT (P=0.0011; n=13) and COWAT
(P=0.012; n=13), which are both significant at P<0.0167 af-
ter Bonferroni correction. Between T1 and T3 (Figure 2C),
Tx123 showed improvement for AQ (P=0.0011; n=12), mini-
CAL (P=0.0098; n=11) and number of correctly remembered
words from the VPAT “read” condition (P=0.011; n=8), all of
which are significant at P<0.0167 after Bonferroni correction.

Changes in Overt Language fMRI Activation

There were significant changes in fMRI task activation between
time points for each group (Figure 3A-3G, Table 3). There was
greater VGT activation for speech production/auditory process-
ing at T1 relative to T2 for Tx0 in the bilateral visual cortex
(Figure 3A) and for Tx123 in the right putamen, insula, superior
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Figure 3. Statistical maps illustrating fMRI activation changes during the verb-generation task (VGT; A-D) and verbal paired associates
task (VPAT; E-F) and scatterplots showing Spearman correlations between changes in VPAT verbal encoding activation and
change in aphasia quotient (AQ; H-I). Activation clusters are significant at corrected P<0.05. In the coronal (left image) and
axial (middle image) slices, left in the image is left in the brain. Left in the sagittal slice (right image) is the anterior part of
the brain. (A) At T1 compared to T2, Tx0 exhibited greater activation for speech production/auditory processing in the right
and extending to the left visual cortex, and (B) for noun-verb semantic associations in the right and left visual cortex, right
putamen and anterior insula, and bilateral cerebellum. (C) Tx123 exhibited greater activation for speech production/auditory
processing in the right putamen, insula, superior medial gyrus and anterior cingulate cortex at T1 compared to T2, and (D) in
the right inferior temporal gyrus at T3 compared to T2. (E) Activation for verbal encoding for Tx0 was greater at T2 relative
to T1 in the right precuneus, middle cingulate cortex, paracentral lobule and postcentral gyrus. (F) Activation for verbal
encoding for Tx123 was greater at T1 relative to T2 in the bilateral anterior cingulate cortex, and (G) greater at T3 relative to
T1in left visual regions (ie, fusiform gyrus extending to inferior/middle occipital gyrus). (H) There was a positive association
between change from T1 to T3 in VPAT verbal encoding activation in left visual regions shown in G and corresponding
change in AQ. (I) There was a negative association between change from T2 to T3 in verbal encoding activation in the a priori
region of interest in the bilateral supplementary motor area (SMA) and change in AQ from T1 to T3.
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Table 3. Location and cluster extent of brain regions showing significant differences in fMRI activation patterns between time points
(T1, T2, T3) for the verb-generation task (VGT) and verbal paired associates task (VPAT). Peak Montreal Neurologic Institute
(MNI) coordinates (x, y, z) and t-value for each brain region are also provided.

Contrast Grou| Brain regions NI ek R ire
P & coordinates t-value (mm3)
VGT: Speech Production/Auditory Processing (“Say Verbs” vs “Think Verbs”)?
T15T2 %0 R. Middle Ocaplta.l Gyrus extendlrilg to R. Fusiform Gyrus, +28, 95, +16 963 4779
and to L. Calcarine Gyrus and Lingual Gyrus
Tx123 R. Putamen ('exteermg to R. Insula, Superior Medial Gyrus, 431, 44, 47 431 6102
and Anterior Cingulate Cortex
T2<T3 Tx123 R. Inferior Temporal Gyrus +55, +4, -38 4.44 4050
VGT: Processing Noun-Verb Semantic Associations (“Say Verbs” vs “Repeat Nouns”)®
R. Calcarine Gyrus extending to L. Cuneus and Middle
T1>T2 Tx0 Occipital Gyrus, and to L. Lingual Gyrus and Superior +16, -74, +4 -7.88 10,881
Occipital Gyrus
R. Putamen extending to R. Anterior Insula +31, +13, +1 -9.30 5373
R. Cerebellum extending to L. Cerebellum +19, -56, -23 -7.84 3915
VPAT: Verbal Encoding (“Generate” vs “Read”)*
T1 <12 %0 R. Precuneus extending to Middle Cingulate Cortex, +4, 44, +46 7.62 4239
Paracentral Lobule, and Postcentral Gyrus
T1>T2 Tx123 R./L. Anterior Cingulate Cortex +4, +34, +16 -4.09 3807
T1 <T3 Tx123 L. Fusiform Gyrus extending to Inferior/Middle Occipital 41, 80, -14 631 3807

Gyrus

L — left; R — right. 2For the VGT contrast of “say verbs” vs “think verbs” in Tx0, simulations yielded cluster thresholds of 3699 mm? for
both T1 vs T2 and T1 vs T3, and 3915 mm? for T2 vs T3. For the VGT contrast in Tx123, simulations yielded cluster thresholds of 3375

mm?3 for T1 vs T2, 3618 mm? for T2 vs T3, and 3564 mm? for T1 vs T3.

b For the VGT contrast of “say verbs” vs “repeat nouns” in the Tx0, simulations yielded cluster thresholds of 3213 mm? for both T1 vs
T2 and T1 vs T3, and 3078 mm? for T2 vs T3. For the VGT in the Tx123 group, simulations yielded cluster extent volume thresholds of
3213 mm?3 for T1 vs T2, 3348 mm? for T2 vs T3, and 3294 mm? for T1 vs T3.

¢ For the VPAT contrast of “generate” vs “read” in the Tx0 group, simulations yielded a critical cluster extent volume thresholds of
3564 mm? for T1 vs T2, 4374 mm? for T2 vs T3, and 4698 mm? for T1 vs T3. For the VPAT contrast in the Tx123 group, simulations
yielded cluster thresholds of 3024 mm? for T1 vs T2, and 3402 mm? for both T2 vs T3 and T1 vs T3.

medial gyrus and anterior cingulate cortex (Figure 3C). Tx123
also exhibited greater activation for speech production/audi-
tory processing at T3 relative to T2 in the right inferior tem-
poral gyrus (Figure 3D). Tx0 exhibited a greater VGT activation
for processing noun-verb semantic associations at T1 relative
to T2 in bilateral visual cortex, right putamen and anterior in-
sula, and bilateral cerebellum (Figure 3B). Activation for VPAT
verbal encoding for Tx0 was greater at T2 relative to T1 in the
right precuneus, middle cingulate cortex, paracentral lobule
and postcentral gyrus (Figure 3E), while for Tx123 activation
was greater at T1 relative to T2 in bilateral anterior cingulate
cortex (Figure 3F). Finally, Tx123 exhibited greater activation
for VPAT verbal encoding at T3 relative to T1 in the left fusi-
form extending to inferior/middle occipital gyrus (Figure 3G).
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Relating fMRI activation changes to performance changes

There was no significant correlation between T2-T1 change in
BNT performance in Tx123 and corresponding T2-T1 activation
changes in VGT speech production/auditory processing. There
were no significant relationships between T3-T2 change in BNT
and COWAT and corresponding activation changes related to
VGT speech production/auditory processing. There was a posi-
tive correlation (rho=0.74, P=0.0058) between T3-T1 change in
AQ and corresponding VPAT fMRI activation change for verbal
encoding in the left fusiform extending to inferior/middle oc-
cipital gyrus (N=12), and significant at P<0.017 after Bonferroni
correction (Figure 3H). Exploratory analysis showed a signifi-
cant negative correlation (rho=-0.80, P=0.0016) between T3-
T1 change in AQ and VPAT fMRI activation change in SMA for
verbal encoding from T2 to T3 (N=12; Figure 3I).
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Discussion

Using a randomized, double-blind, sham-controlled design,
we investigated the effects of iTBS applied to the residual left
hemisphere language-responsive cortex as a stand-alone treat-
ment for post-stroke aphasia and its effects on language-re-
lated brain activation patterns. The participants in the current
study are a subset of those previously reported in Szaflarski
et al (2021) but who also completed 2 previously not report-
ed overt language fMRI tasks (VGT and VPAT) during the same
MRI sessions at least at T1 and T2 and performed addition-
al language assessments. We observed improvements in a
number of assessments between different time points in the
Tx123 that were not observed in Tx0, particularly for the AQ
(Figure 2A), post-scan recognition of VPAT “read” words, and
mini-CAL (Figure 2C). We further showed that delayed AQ im-
provement for Tx123 is associated with increased recruit-
ment of fusiform extending to inferior/middle occipital gyrus
from baseline to 3 months post-treatment (Figure 3H), and
with decreased SMA activation related to VPAT verbal encod-
ing from immediate to 3 months post-treatment (Figure 3I).
These changes and relationships all remained significant after
correction for multiple comparisons. These findings and how
they build upon our understanding of language recovery war-
rant further discussion.

Language Improvements with iTBS

Consistent with a previous open-label study of language ther-
apy primed with iTBS [6,11] we observed BNT gains for both
groups with the gains being more significant for Tx123 than
TxO (Figure 2A). BNT improvement in this subset was also
consistent with previously reported iTBS RCT results [10], al-
though improvements were not sustained given the declines
in performance from immediate to 3 months post-treatment
for both groups (Figure 2B), which was likely due to the cur-
rent study’s smaller sample sizes. These results suggest that
naming improvement may have been partially due to practice
effects. However, the greater degree of improvement in Tx123
suggests iTBS did have an enhancing effect on performance,
but this effect was not retained. Future neurostimulation RCTs
should consider incorporating booster treatments (eg, follow-
up sessions of stimulation) after some amount of time follow-
ing the main intervention to test if the improvements may be
maintained or regained. The idea of booster treatments has
been applied to motor stroke recovery, have been shown to
recoup the majority of initial improvement over a year after
the initial therapy [35] and therefore show promise in main-
taining beneficial effects of initial treatment [36]. Further, it
seems that effects on naming ability may not be specific to
iTBS since a previous RCT of language therapy alone for post-
stroke aphasia also showed improved naming performance
over time [37].

Allendorfer J.B. et al:
iTBS-induced language and fMRI changes
© Med Sci Monit, 2021; 27: €934818

Additionally, from baseline to 3 months post-treatment, Tx123
exhibited delayed improvements on AQ, post-scan recognition
of VPAT “read” words, and in perception of communicative abil-
ity that were not observed in the sham-treated group. Delayed
AQ improvement was previously shown in an open-label study
of CIAT primed with iTBS [6,11] and in the results of the primary
iTBS RCT [10]. These results support the notion of delayed iTBS
effects with respect to improving not only aphasia symptoms but
also recognition memory, and these likely contributed to the im-
proved perception of communicative ability, which is consistent
with the previous open-label study of CIAT primed with iTBS [11].
Future investigations are needed to assess whether or not these
delayed improvements may be maintained and for how long.

FMRI Activation Changes with iTBS

Both groups exhibited VGT activation changes from baseline to
immediate post-treatment. Treatment with iTBS resulted in de-
creased activation related to VGT speech production/auditory
processing from baseline to immediate post-treatment in the
right prefrontal and anterior insula region (Figure 3C) whereas
the sham-treated group showed a decreased right visual region
activation (Figure 3A). The sham-treated group also showed
baseline to immediately post-treatment activation decreases
for verb-generation processing (Figure 3B). Since neither group
exhibited significant improvements in performance, decreased
activation immediately after treatment for both groups likely
reflects decreased neural recruitment to maintain performance,
similar to our previous report [11]. However, given group differ-
ences in baseline VGT performance and in location of greatest
lesion overlap, it is not surprising that activation differences over
time involved differing brain regions. The widely distributed and
bilateral nature of the language network that includes homolo-
gous language regions in the less dominant hemisphere likely
explains right frontal activation changes in Tx123 that received
iTBS application to left frontal regions [15,38]. The iTBS-treated
group did show additional increased right temporal activation
from immediate to 3 months post-treatment that was not ob-
served in Tx0, suggesting the potential for iTBS to promote neu-
roplastic changes at least 3 months after treatment completion.

Both groups exhibited VPAT activation changes from baseline to
immediate post-treatment, where the sham-treated group had
increased activation in midline motor control regions (Figure 3E),
while the iTBS group had decreased activation in midline frontal
regions (Figure 3F). The sham-treated group showed a parallel
trend of improved performance for the VPAT “generate” condi-
tion (P=0.057), which is likely reflected by the increased motor
activation. On the other hand, the iTBS-treated group showed de-
creased frontal activation without significant change in in-scan-
ner performance. Similar to the observed VGT pattern, this may
indicate decreased neural recruitment to maintain performance.
Furthermore, only the iTBS-treated group exhibited significant
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change in VPAT activation from baseline to 3 months post-treat-
ment (Figure 3G), which further supports a delayed effect of
iTBS on brain plasticity. This delayed increase in VPAT activa-
tion in the iTBS-treated group parallels delayed improvement
in post-scan recognition memory for read words and is likely in-
dicative of more effective memory encoding process with iTBS.
There was a similar pattern of delayed fMRI activation chang-
es observed in the larger group of participants that complet-
ed the main study fMRI tasks of semantic-/tone-decision mak-
ing and was previously described [10]. Together these results
lend itself to the notion that neuroplastic and language func-
tion changes induced by iTBS may not be immediate, but rather
that iTBS may have a delayed effect and underscores the impor-
tance of having a follow-up period after treatment completion.

FMRI Activation Changes Underlying Language
Improvements

The delayed increase from baseline to 3 months post-treat-
ment in VPAT fMRI activation for verbal encoding in the left vi-
sual cortex (ie, fusiform extending to inferior/middle occipital
gyrus), which encompass part of the ventral visual stream [39]
was significantly correlated with the corresponding delayed
improvement in aphasia symptoms in the iTBS-treated group
(rho=0.74, P=0.0058; Figure 3H). Visual processing is involved
and necessary for language function during VPAT fMRI given
that the pairs of words are visually presented. Further, the vi-
sual word form area that includes left fusiform gyrus is re-
lated to processing written language and is strongly activat-
ed to reading words [38], which are a required part of task
performance on the VPAT. While in-scanner performance im-
provement for the VPAT was not observed in the iTBS-treated
group, they did exhibit a delay in post-scan recognition mem-
ory improvement as stated above. Ventral and dorsal visu-
al streams were shown to play an important role in word re-
trieval for video naming compared to picture naming [40], with
ventral stream involvement in object representation and rec-
ognition [41,42]. A recent study of augmentative and alterna-
tive communication also postulated that the weakened spo-
ken language system in aphasia may be enhanced by a more
intact visual system [43]. Our findings provide additional sup-
port for the coupling of the visual and language systems to
promote improved language function in post-stroke aphasia.

Further, decreased VPAT activation from immediate to 3 months
post-treatment in the functionally-defined SMA region of in-
terest was correlated with delayed aphasia symptom improve-
ment (rho=-0.80, P=0.0016; Figure 3I). This negative correla-
tion aligns with the effects observed in our previous open-label
study of language therapy primed with iTBS that showed the
same effect [11] and suggests iTBS promotes more efficient
processing in the SMA with improved language function in
those with post-stroke aphasia. The SMA controls functions

CLINICAL RESEARCH

during language processing in addition to its involvement in
speech motor control [44]. SMA syndrome in which patients
suffer from both motor and speech/language dysfunction is a
common complication associated with dorsomedial prefron-
tal lesions and surgery [45,46]. Language deficits including
impaired word retrieval have been linked to the disruption of
the left frontal aslant tract primarily connecting the SMA to
IFG in the left hemisphere [38,45,47-49]. Thus, the current re-
sults further support a role for decreased SMA activity dur-
ing language processing in the iTBS-induced delayed improve-
ments in aphasia symptoms. Overall, our study suggests that
iTBS alone may induce slower changes in neural substrates
involved in visual processing and motor function as part of a
more widely distributed language network [38], and that are
associated with delayed treatment gains in language function.

Study Limitations

The limitations to the current study should be considered for
future neurostimulation rehabilitation studies in post-stroke
aphasia. Recruitment and retention of participants in longitu-
dinal randomized rehabilitation trials are challenging, which
contributed to the missing data, particularly at 3 months post-
treatment. This limited our ability to interpret effects of iTBS on
those specific data where sample size for paired comparisons
between time points was reduced. The small number of par-
ticipants completing longitudinal follow-up and the amount of
missing data also necessitated combining the iTBS treatment
groups, which did not allow us to investigate dose-dependent
behavioral and fMRI changes. It should also be noted that the
2 groups differed at baseline, with Tx0 performing significant-
ly better than Tx123 on a number of assessments and limits
some of the interpretations of our results. This is likely due
to the small sample size of each arm, and future RCT studies
with larger sample sizes would allow for the randomization
procedure to be more effective. Finally, blinding of both the
participant and the study team members who took the par-
ticipant through the study procedures (eg, language assess-
ments and MRI) and analyzed the data was an important com-
ponent of the study, and it is possible that participants were
aware of which treatment arm they were in. We did not ask
whether they could discern if they were receiving sham ver-
sus iTBS treatment, but participants could be surveyed in fu-
ture studies to assess effectiveness of the blinding procedures.

Conclusions

The observed iTBS-induced language improvements and asso-
ciations between delayed fMRI activation changes and aphasia
symptom improvement support the therapeutic and neurorehabil-
itative potential of stand-alone iTBS in chronic post-stroke apha-
sia recovery and the need for further investigation of its effects.
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