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 Background: Recovery from post-stroke aphasia is a long and complex process with an uncertain outcome. Various interven-
tions have been proposed to augment the recovery, including constraint-induced aphasia therapy (CIAT). CIAT 
has been applied to patients suffering from post-stroke aphasia in several unblinded studies to show mild-to-
moderate linguistic gains. The aim of the present study was to evaluate the neuroimaging correlates of CIAT 
in patients with chronic aphasia related to left middle cerebral artery stroke.

 Material/Methods: Out of 24 patients recruited in a pilot randomized blinded trial of CIAT, 19 patients received fMRI of language. 
Eleven of them received CIAT (trained) and eight served as a control group (untrained). Each patient participat-
ed in three fMRI sessions (before training, after training, and 3 months later) that included semantic decision 
and verb generation fMRI tasks, and a battery of language tests. Matching healthy control participants were 
also included (N=38; matching based on age, handedness, and sex).

 Results: Language testing showed significantly improved performance on Boston Naming Test (BNT; p<0.001) in both 
stroke groups over time and fMRI showed differences in the distribution of the areas involved in language 
production between groups that were not present at baseline. Further, regression analysis with BNT indicated 
changes in brain regions correlated with behavioral performance (temporal gyrus, postcentral gyrus, precen-
tral gyrus, thalamus, left middle and superior frontal gyri).

 Conclusions: Overall, our results suggest the possibility of language-related cortical plasticity following stroke-induced apha-
sia with no specific effect from CIAT training.
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Background

Aphasia is considered one of the most devastating deficits 
caused by stroke. Spontaneous recovery from a stroke-induced 
aphasia is a long-term process that involves extensive and com-
plex functional reorganization of the cortical language network 
with variable participation from the dominant and non-dom-
inant hemispheres [1]. The majority of improvements typical-
ly occur in the first weeks after stroke with about 50% of pa-
tients left with long-term deficits that significantly affect the 
ability to communicate or to participate in the activities of 
daily living [2]. While spontaneous recovery may be observed 
even years after stroke, substantial recovery more than a year 
after stroke is very unlikely and, thus, rehabilitative interven-
tions are necessary to augment the declining rate of recovery. 
Although studies have demonstrated that therapies adminis-
tered during the first year after stroke improve recovery [3,4], 
relatively little is known about the possibility of treatment-in-
duced improvements in chronic post-stroke aphasia or their 
cortical correlates [5].

Historically, rehabilitation strategies for chronic post-stroke 
aphasia have included multi-modality compensatory strategies 
(e.g., gesturing, drawing, writing), and low- or high-technolo-
gy augmentative and alternative communication (AAC) strat-
egies, all of which are expected to slowly be abandoned by 
patients as the verbal language functions return. These inter-
ventions likely help patients in the short-term but are thought 
to inhibit long-term recovery via phenomenon of “learned non-
use” [6]. In order to reverse learned non-use, an alternative 
therapy – constraint-induced aphasia therapy (CIAT) – was de-
veloped. CIAT (also called constraint-induced language thera-
py or CILT) is a language-based program [7–11] adapted from 
post-stroke motor constraint therapy [12]. In the CIAT model, it 
has been postulated that the behavior of attempting to speak 
without success leads to communication frustration and more 
dependence on compensatory techniques. This then results 
in less verbal communication and limited cortical stimulation 
in brain regions supporting language. Within the CIAT thera-
py environment, recovery is facilitated by positive reinforce-
ment from group members, clinician cueing and shaping, and 
positive social interactions [7,9]. The supportive environment 
and frequent speaking opportunities encourage more verbal 
attempts and stimulate cortical reorganization [13].

Several studies have evaluated the neural correlates of 
CIAT [13–20]. Of those studies, only one [16] included a con-
trol group that was composed exclusively of healthy partic-
ipants (i.e., with no history of stroke or any brain damage). 
Therefore, it is uncertain whether the observed changes were 
specifically related to the intervention or whether they were 
the results of the intense training and social interaction both 
of which are integral parts of CIAT. Thus, the aim of the present 

study was to examine the benefits of intensive language train-
ing in CIAT on the cortical correlates of post-stroke recovery 
in patients with chronic (> one year) post-stroke aphasia who 
participated in a randomized and blinded trial of CIAT and who 
were able to receive fMRI [7]. We accomplished this by com-
paring the fMRI language activation patterns of participants 
who received CIAT to the control stroke participants with apha-
sia who had not received any intervention during that period 
of time but who were scanned and received language testing 
at the same time points as the CIAT participants. The working 
hypothesis, grounded in previous research, was that improve-
ment in linguistic and communicative abilities in the CIAT group 
would be associated with increased lateralization of the fMRI 
language activations to the affected left hemisphere; in con-
trast, lack of improvement in linguistic abilities in the control 
(observation) group would be associated with stable, right > 
left language lateralization.

Material and Methods

Participants

All patients admitted to acute care hospitals participating in the 
study (The University of Cincinnati Hospital in Cincinnati, OH, 
St. Elizabeth Medical Center in Erlanger, KY, and the University 
of Alabama at Birmingham Hospital in Birmingham, AL) and 
who presented with aphasia were considered for participation. 
Admission logs for stroke diagnoses were screened daily. Prior 
to enrollment, the diagnosis of single ischemic stroke in the 
left middle cerebral artery (LMCA) distribution was confirmed 
by medical record review including admission notes for the in-
cident stroke and the report of the imaging of the brain (CT or 
MRI) that was obtained as part of the admission. If deemed 
a potential candidate, after obtaining verbal consent from 
the treating physician, a participant and/or their caregiver(s) 
were approached for potential participation. If interested, a 
screening token test (TT) was administered to determine eli-
gibility and grossly estimate aphasia severity: TT=40–37 was 
categorized as mild, TT=36–17 was categorized as moderate, 
and TT=16–0 was categorized as severe [21]. TT was used for 
screening purposes only and detailed linguistic testing was 
performed once eligibility was determined. All patients with 
at least mild aphasia were offered participation. The exclu-
sion criteria were history of degenerative (e.g., dementia or 
Parkinson disease) or metabolic disorder (e.g., encephalopa-
thy) or supervening medical illness (e.g., brain tumor or other 
cancer), history of severe depression or other mental illness, 
and positive pregnancy test in women of childbearing age. The 
institutional review boards of all participating institutions ap-
proved these procedures.
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Thirty-two individuals were identified as potential candidates 
and were interviewed. Five potential participants were excluded 
after interviews due to the presence of exclusion criteria (see 
our recent study for the CONSORT statement [7]). The format 
and the goals of the CIAT program were explained to all partici-
pants at the time of obtaining the informed consent. All patients 
indicated their understanding of the goals of the program pri-
or to signing the informed consent; they also understood that 
they may be randomized to a no-intervention group, and that 
the follow-up testing would need to be performed. Three more 
participants were excluded after completion of TT screening. 
Of the 24 remaining participants, 19 were eligible to receive 
MRI scanning and successfully completed three scanning ses-
sions – one within a week before the start of the intervention, 
one within a week after completing the intervention, and one 
at three months after the intervention; scanning in the obser-
vation group was performed at the same time points relative 
to enrollment). Eleven of these participants (mean age=58, 
SD=10.63, 5 females) were randomized to receive CIAT (trained 
group) and the remaining eight (mean age=50.3, SD=13.34, 
3 females) were randomized to the control group (untrained 
group). The groups did not significantly differ in age (p=0.18) 
or in TT results (p=0.59). Participants’ handedness index was 

determined using the Edinburgh Handedness Inventory [22]. 
Prior to the stroke, 17 participants were right-handed (hand-
edness index > 91), two participants (one from the control 
group and one from the CIAT group) were considered to have 
atypical handedness (handedness index were –100 and 50, re-
spectively [22,23]. Participants were asked not to take part in 
any other intervention during their involvement in the study 
and all complied. Demographic and clinical data of the partic-
ipants are provided in Table 1.

In addition to people with stroke, 38 healthy participants were 
recruited so that each stroke patient was matched to two 
healthy controls by age, gender, and handedness. Demographic 
data for healthy participants are also provided in Table 1.

CIAT training

CIAT is an intensive form of language-action therapy performed 
in a small group setting. This training includes 10 daily ses-
sions, each four hours long, of tailored intervention designed 
to promote spoken language and to limit compensatory non-
spoken strategies [7–9]. Sessions are supervised concurrent-
ly by at least two trained speech language pathologists. In a 

HTN – hypertension; DM – diabetes mellitus; CAD – coronary artery disease; MI – myocardial infarction.

Table 1. Demographic characteristics of study participants.

Control group
(n=8)

CIAT group
(n=11)

Healthy group
(n=38)

P-Value

Age (years) – mean (SD) 50 –13.3 58 –10.6 54 –10.85 0.183

White – n (%) 7 –87.5 10 –90 37 –97.3 0.812

Non-Hispanic – n (%) 8 –100 11 –100 38 –100 –

Male – n (%) 5 –62.5 6 –54.5 22 –57.9 0.728

Past medical history – n (%)

 History of HTN 2 –25 4 –36.6 0 0 0.552

 History of DM 1 –12.5 1 –9 0 0 0.812

 History of high cholesterol 4 –50 6 –54.5 0 0 0.845

 History of CAD 0 0 2 –18.8 0 0 0.125

 History of MI 1 –12.5 1 –9 0 0 0.812

 Smoking 4 –50 5 –0.45 0.845

 Alcohol abuse 0 0 0 0 0 0 –

 Drug abuse 0 0 0 0 0 0 –

 Prior stroke 2 –25 0 0 0 0 0.051

Severity – n (%)

 Mild aphasia 2 –25 4 –36.6 0 0 0.596

 Moderate aphasia 3 –37.5 2 –18.8 0 0 0.347

 Severe aphasia 3 –37.5 5 –45.4 0 0 0.728

Time since stroke (months)
– median (IQR)

41.9 –30 60.2 –48.9 N/A N/A 0.33
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therapeutic game context, participants request picture cards 
from each other, by using descriptions of the depicted objects, 
and understand requests made by others and the therapist. 
Clues are provided to participants with increasing hierarchy 
(for details, see [7]).

Experimental design

Each CIAT participant was assessed three times: less than one 
week prior to training, within one week of competing training, 
and three months after training; observational group partici-
pants were scanned in parallel. Each session included data col-
lected from two fMRI tasks: semantic decision/tone decision 
(SDTD; [24]) and covert verb generation (VG; [25]); both are 
fully detailed in the following text. Behavioral testing was also 
administered during each session and included the following 
tests: 1) the Peabody Picture Vocabulary Test, Fourth Edition 
(PPVT) to test receptive vocabulary, where participants were 
asked to select one out of a set of four pictures they thought 
best represented the meaning of the word orally presented by 
the examiner [26]; 2) the Boston Naming Test, Second Edition 
(BNT) to test word-finding and semantic retrieval processes, 
where participants were asked to name the picture present-
ed by the examiner [27]. The PPVT and BNT were each sum-
marized as a standardized score based on correct responses. 
We also obtained raw scores from 3) the Controlled Oral Word 
Association Test (COWAT) to test oral fluency, where partici-
pants were scored based on the number of words beginning 
with a given letter they could generate in one minute [28]; 
and 4) the Semantic Fluency Test (SFT) to test verbal fluency 
and semantic retrieval, where performance was scored based 
on the number of words the participant could generate in one 
minute for a given category [28,29]. To decrease the possibil-
ity of learning effects, different versions of the tests were ro-
tated between the sequential examinations in stroke patients 
and were randomized to receive various versions of the tests 
to assure balanced distribution of all tests/versions used (ex-
cept for BNT). In addition, the Mini-Communicative Activities 
Log (Mini-CAL), which is a subjective measure of communica-
tive abilities [8,9] was administered twice, at session one and 
session three.

Functional MRI block-design tasks

The SDTD task is presented in 30-second blocks with two al-
ternating conditions: the control condition (tone decision) and 
the active condition (semantic decision) [24,30,31]. The cy-
cle of 30-second blocks was repeated five times (plus an ini-
tial 30-second control block used for MR signal equilibration 
that was not analyzed) [30,31]. The total duration of the en-
tire task was five minutes and 30 seconds. In the tone condi-
tion, participants heard brief sequences of four to seven 500-
Hz and 750-Hz tones every 3.75 seconds and responded with 

the non-dominant hand button pressed to any sequence con-
taining either two 750-Hz tones (index finger) or other than 
two 750-Hz tones (middle finger). Similarly, in the active con-
dition, participants heard spoken English nouns designating 
animals every 3.75 seconds and responded with a non-domi-
nant hand button press (index finger) to stimuli that met two 
criteria: “native to the United States” and “commonly used by 
humans.” In all other cases, participants responded by press-
ing the middle finger button.

The verb generation task developed for this study was based 
on a task introduced by Petersen et al. [32]. As in our previous 
studies [33–35], the VG task consisted of alternating 30-sec-
ond long blocks of active and control condition. During each 
active block, the participants were presented with a noun ev-
ery six seconds (five nouns/test block) and were instructed to 
silently generate verbs associated with each noun (covert gen-
eration). During each control block, the participants were pre-
sented with a target tone every six seconds (five tones/control 
block) and were instructed to perform bilateral sequential fin-
ger tapping in response to each tone. The control blocks were 
designed to distract the participant and interrupt the process 
of covert verb generation between active blocks and to control 
for the auditory presentation of the noun during the test con-
dition. The task began with a control condition, followed by al-
ternating test and control conditions (five blocks of the active 
condition and six blocks of the control condition, starting with 
the control condition; the initial 30-second block was used for 
MR signal equilibration and not analyzed). Understanding of 
and ability to perform each task was confirmed by study staff 
before the participants entered the scanner.

Each participant performed two repetitions of each of the tasks. 
For the SDTD task, responses during the fMRI session were re-
corded for further analyses. For the VG task, a post-scan mem-
ory test was performed which consisted of 30 forced-choice 
questions in which the participant was instructed to identi-
fy those nouns that were presented during the active blocks. 
Rather than the performance of each participant, the goal for 
each of the fMRI tasks was to engage a maximum of brain 
language areas that remain functional after the stroke event.

MRI data acquisition

MRI data were acquired at the Cincinnati Children’s Hospital 
Medical Center on a 3.0 Tesla research-dedicated Philips MRI 
system located in the Imaging Research Center. The scan-
ner was equipped with an audio-visual system for presenta-
tion of task stimuli (Avotec Systems Inc.). Echo planar imag-
ing (EPI) fMRI scans were performed using thirty-two 4 mm 
thick axial slices covering the entire brain. EPI images were ob-
tained using a T2*-weighted gradient-echo EPI pulse sequence 
(TR/TE=2000/38 ms, FOV=24.0×24.0 cm, matrix=64×64, slice 
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thickness=4 mm). In addition, a high-resolution T1-weighted 
three-dimensional anatomical scan was obtained (TR/TE=8.1/3.7 
ms, FOV=25.0×21.1×18.0 cm, matrix=252×211, flip angle 8°, 
slice thickness=1 mm) for localization of brain regions. For each 
fMRI run, 165 whole brain scans were acquired.

At the University of Alabama at Birmingham, MRI data were ac-
quired on a research dedicated 3.0 Tesla Siemens MR System 
located in the Civitan Functional Neuroimaging Laboratory 
(CFNL) using a circular polarized head coil. EPI fMRI scans were 
performed using 30, 4 mm thick axial slices covering the entire 
brain. EPI images were obtained using a T2*-weighted gradient-
echo EPI pulse sequence (TR/TE=2000/38 ms, FOV=24.0×24.0 
cm, matrix=64×64, slice thickness=4 mm). In addition, a high-
resolution T1-weighted three-dimensional anatomical scan was 
obtained (TR/TE=2300/2.17 ms, FOV=25.6×25.6×19.2 cm, ma-
trix=256×256, flip angle 9°, slice thickness=1 mm) for local-
ization of brain regions. For each fMRI run, 165 whole brain 
scans were acquired.

MRI data preprocessing

All imaging data were preprocessed and modeled using Matlab 
toolbox SPM12 (http://www.fil.ion.ucl.ac.uk/spm/software/
spm12/). For each stroke patient and each task (SDTD and 
VGT), fMRI data preprocessing was conducted according to 
the following steps: 
1.  For each run, the first 15 volumes (i.e., 30-second control 

block) were discarded.
2.  Spatial discrepancy between volumes due to head motion 

was corrected using SPM12 realign. All runs from all three 
sessions were fed into to the realign algorithm as it contains 
an implicit co-registration step designed to correct spatial 
discrepancies between runs.

3.  Within each run, temporal discrepancies between slices were 
corrected using the slice-timing function in SPM12.

4.  Each anatomical scan was realigned onto its respective 
mean functional scan computed at step 2 using the coregis-
ter function in SPM12; anatomical scan obtained at session 
one was realigned to the functional scan obtained at ses-
sion one with the same procedure performed for all scan-
ning sessions.

5.  Longitudinal toolbox [36] was used on all anatomical scans 
(one for each longitudinal time point). This toolbox computes 
an average anatomical scan that is corrected for the inten-
sity and inhomogeneity artifacts usually seen in MRI data; 
deformation field maps corresponding to the deformation 
differences between the average anatomical and each one 
of the anatomical scans were created.

6.  Deformation field maps created in step 5 were used to warp 
respective functional runs; e.g., deformation field map of 
the difference between the average anatomical and the an-
atomical scan obtained at session one were applied to the 

functional scan obtained at session one; the same proce-
dure was applied to the sequential sessions.

7.  Unified segmentation [37] computed on average anatomi-
cal scan generated in step 5 was used to normalize all three 
functional runs.

8.  Finally, functional scans were spatially smoothed with an 
8-mm full width half-maximum kernel.

Functional MRI data processing for healthy participants fol-
lowed the same steps except for steps 5 and 6.

Functional MRI statistical analysis

For each participant and each task, a general linear model 
(GLM) analysis was performed by modeling the fMRI time-se-
ries from the block-design tasks as boxcar regressors convolved 
with the canonical hemodynamic response function (HRF). In 
addition, 24 movement regressors were included according to 
the Friston 24-parameter model [38] plus two regressors ac-
counting for run number. Group random effects were comput-
ed using one-sample t-tests with SPM12. Group comparisons 
were carried out using two-sample t-tests in SPM12. In order 
to avoid potential issues due to participants’ brain lesions, le-
sion-frequency maps (see section Lesion-frequency maps and 
Figure 1) were used as masks and excluded from group com-
parison statistical analyses.

Lateralization Index (LI)

It is now well recognized that language functions are lateral-
ized within the hemispheres [39] and that stroke has a direct 
impact on language lateralization [1,34]. Lateralization index 
(LI) is commonly used to describe the hemispheric or regional 
distribution of activations in functional neuroimaging studies 
in response to specific fMRI task (e.g., language or memory) 
[34,40]. This index includes values between –1 and +1, with 
+1 being a purely left and –1 a purely right hemispheric acti-
vation. LIs were computed using LI-toolbox [41] on contrast 
maps obtained by combining HRF and derivatives contrasts. 
Parameters recommended by the authors were used for LI anal-
yses. For each map, a threshold was computed using a boot-
strap algorithm [42]. Values above that internal threshold are 
added in order to generate a global value for each hemisphere 
within a region of interest (mask). Then, the LI value was cal-
culated based on the following equation (activation designates 
the number of voxels above the threshold): 

L1=
ActivationLeft–ActivationRight
ActivationLeft+ActivationRight

For each participant and each contrast map (SDTD and VG), LI 
was calculated using six different masks: frontal, temporo-pa-
rietal, cerebellar, Broca area (atlas-based masks provided are 
with the LI-toolbox, see [41] for details), and two functional 
based on the results of the GLM analyses of the same fMRI 
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tasks on healthy controls. Threshold control GLM contrast re-
sults (FWE p<0.05) were binarized in order to create the func-
tional GLM masks (one mask for the SDTD task and one for 
the VG task). In order to obtain symmetrical GLM masks, bina-
ry values of the left hemisphere were mirrored over the right 
hemisphere and vice versa. For all masks, voxels within a 20 
mm area around the midline (10 mm left and 10 mm right) 
in an axial plane were nullified (not included into the mask).

Behavioral data analysis

Extensive statistical analysis of behavioral data was previous-
ly performed by our group [7]. However, the number of partic-
ipants included in the current manuscript was smaller due to 
MRI scanning constraints (24 individuals in the original publi-
cation versus 19 here (11 participating in CIAT and eight con-
trols). Therefore, new statistical analyses were computed on 
behavioral data, using statistical functions implemented in 
Matlab 2014b (The Mathworks, Inc., Natick, MA, USA.) using 
only data from the included participants.

Lesion-frequency maps

We developed a Matlab script to compute the stroke-induced 
lesion area for each stroke patient [43]. Probabilistic tissue 
segmentation and image algebra (with naïve Bayes classifica-
tion) were used to create feature maps encoding information 
about missing and abnormal tissue. All maps were binarized 
then summed into one image (separately for each group) in 
which the value of each voxel represents the frequency of le-
sion at this particular cortical location (Figure 1).

Results

Behavioral results

Repeated-measures ANOVAs were computed for each score 
with session (two sessions for mini-CAL and three sessions 
for all other scores) and group (trained versus untrained) as 
factors. Results are summarized in Table 2. To summarize, 
BNT score significantly increased over time in both groups 
(F(2,34)=15,231, p<0.001) while other scores remained stable 
(all p>0.05). Comparison between stroke groups and matched 
healthy participants were performed using two-sample t-tests 
as summarized in Table 3. Pre-scanning tests (BNT, SFT, COWAT, 
PPVT) showed significant differences between healthy partici-
pants and stroke participants for every time-point. Behavioral 
tests related to MRI scanning (SD, TD, noun recall – post VG 
testing) showed no significant difference between healthy par-
ticipants and stroke participants except for TD.

FMRI results

In order to improve potential reproducibility, the threshold 
for every fMRI group statistical analysis was set to p<0.01 un-
corrected with 50 contiguous voxels. Such analyses are pre-
ferred by some and justified in order to not miss the true ef-
fects by applying overly conservative thresholds to avoid type 
I errors [44]. The view of these authors is that such errors, if 
present, are “self-erasing” as they will not be replicated in 
subsequent studies. This is particularly true with studies of a 
population where inter-individuals’ differences are large, such 
as patients with stroke. Thus, while the selected thresholds 
were lenient, they were used to assess the potential for cor-
tical plasticity and to provide a springboard for future stud-
ies and analyses.

Figure1.  Lesion maps for both groups of stroke participants (trained and untrained). Each voxel value is the number of participants 
whose stroke lesion extends to that particular voxel (all pictures in neurological convention). See Methods section for detail.
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Using SPM12 second level flexible factorial algorithm, a repeat-
ed-measure ANOVA was conducted on fMRI data on a voxel-
wise basis (SDTD and VG separately) with groups (trained and 
untrained) and sessions (before training, after training and 
three-month follow-up) as factors. No differences in fMRI signal 

related to any factor were found to be significant. Two sam-
ple t-tests were computed between each stroke group (trained 
and untrained) and healthy controls for each session and each 
task. Results for comparisons between stroke groups (trained 
versus untrained) are provided in Figure 2; peak coordinates 

BNT SFT COWAT PPVT SD TD Noun rec Mini-CAL

Time F-value 15.231 1.575 1.6 0.487 1.138 0.558 0.655 2.226

p-value <0.001 0.221 0.216 0.618 0.332 0.577 0.525 0.155

Time X Group F-value 0.305 1.509 2.256 0.016 0.597 0.093 1.046 2.102

p-value 0.738 0.235 0.12 0.983 0.556 0.911 0.362 0.166

Trained Mean 1 33.13 13.63 5.38 197.38 13.13 12.81 0.80 45.25

SD 1 18.93 9.05 2.77 16.10 3.99 10.91 0.12 13.57

Mean 2 36.13 13.38 5.38 196.25 10.69 14.31 0.75 N/A

SD 2 19.61 7.07 2.97 14.64 6.03 3.70 0.20 N/A

Mean 3 37.50 14.38 5.13 197.88 14.25 14.13 0.78 0.78

SD 3 17.87 8.68 3.44 14.92 7.94 6.74 0.17 0.17

Untrained Mean 1 31.82 19.27 8.09 200.00 13.05 15.73 0.82 47.09

SD 1 18.98 12.11 6.32 16.43 9.20 7.58 0.12 16.48

Mean 2 36.00 22.55 9.55 198.82 13.14 16.50 0.83 N/A

SD 2 17.93 12.61 6.90 19.37 8.23 8.06 0.10 N/A

Mean 3 37.55 21.73 11.00 201.09 13.86 17.68 0.86 0.86

SD 3 16.69 9.91 7.67 14.33 8.28 7.74 0.12 0.12

Table 2.  Behavioral score statistics for stroke participants. Repeated-measures ANOVAs were computed for each score with session 
(2 sessions for Mini-CAL and 3 sessions for all other scores) and group (control vs. trained) as factors. Means and standard 
deviations (SD) are also provided for each test and each time point.

  BNT SFT COWAT PPVT SD TD Noun rec

Healthy group 
(control)

Mean 56.5 51.68 36.31 216.43 16.81 26.37 0.72

SD 3.61 9.61 11.85 7.64 2.76 6.5 0.15

Healthy group 
(Trained)

Mean 56.22 58.59 37.18 213.95 16.59 26.04 0.73

SD 5.41 12.52 9.94 11.9 2.36 4.91 0.13

T-tests between 
stroke groups and 
healthy group 
(p-values)

Control 1 <0.001 <0.0001 <0.0001 <0.001 0.0061 <0.001 0.21

Control 2 <0.001 <0.0001 <0.0001 <0.001 0.0052 <0.001 0.71

Control 3 <0.001 <0.0001 <0.0001 <0.001 0.2261 <0.001 0.46

Trained 1 <0.001 <0.0001 <0.0001 0.0089 0.0385 <0.001 0.06

Trained 2 <0.001 <0.0001 <0.0001 0.0091 0.0258 0.0011 0.03

Trained 3 <0.001 <0.0001 <0.0001 0.01 0.0086 <0.001 0.008

Table 3.  Comparison of behavioral tests results between healthy and stroke participants. Two-sample t-tests were computed to test 
for differences between each stroke group and matched healthy participants.
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and locations are provided in Table 4. Results for comparisons 
between stroke groups and healthy controls are provided in 
Figure 3; peak coordinates and locations are provided in Table 5.

Laterality index results

Laterality indices were computed for each participant, each 
fMRI, each session, and each region of interest (five different 
masks, see Material and Methods section). Results are depict-
ed in Figure 4. Repeated-measures ANOVAs on LI values for 
both stroke groups revealed no significant effect of training. 
For each region of interest (five different masks) and each task 
a Group X Time-point ANOVA was computed with two groups 
(trained versus untrained) and three time-points (pre-train-
ing, post-training and three-month follow-up). ANOVA results 
are provided in Table 6.

Regression analyses

As BNT score was the only behavioral measurement showing 
a significant change over time in stroke patients (Table 2); re-
gression analyses were computed between fMRI results and 
BNT scores as follows. Difference of cortical activity between 
post-treatment time-point and pre-treatment time-point was 
regressed with difference over time in BNT score (same time-
points). A similar regression was also computed between three-
month time-point and post-treatment time-point. Those re-
gressions were computed in order to find the cortical areas 
associated with improvement in BNT scores over time. Results 
for those regressions analyses are depicted in Figure 5; peak 
coordinates and locations are provided in Table 7. Areas as-
sociated with BNT improvement between pre- and post-treat-
ment are anterior cingulate, thalamus, cerebellum, and posterior 

A

B

Figure 2.  Functional MRI tasks results (GLM analyses). Two-sample t-tests were computed between trained and untrained stroke group 
for each task (SD/TD and VG) and each session. For every contrast, uncorrected data are provided (p<0.01, 50 contiguous 
voxels). Peak coordinates are provided in Table 4. All pictures are in neurological convention.
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Semantic decision Verb generation

Coordinates (x y z) BA T-value Coordinates (x y z) BA T-value

Trained 
> Untrained

Pre [52; –60; 10] 39 5.54 [8; –52; 54] 7 3.6

[–20; –52; 4] 30 5.27

[–18; 2; –14] 34 4.98

[–50; –76; 24] 39 4.23

[–26; 36; 44] 8 3.93

[0; 32; –26] 11 3.78

[60; –2; –18] 21 3.72

[40; 22; –24] 38 3.42

[20; 4; –12] 34 3.19

[6; 62; 4] 10 3.18    

Post [44; –26; 58] 3 3.97 None

[48; –12; 16] 43 3.87

[10; –12; 62] 6 3.83

[–58; –24; 52] 2 3.80

[–12; –18; –16] 28 3.62

[24; –56; 66] 7 3.59

[–38; –46; 64] 5 3.25    

3M [–20; –12; –22] 47 6.18 [–4; 26; 40] 8 3.84

[–34; –44; 64] 5 5.19 [–4; –22; 22] 23 3.60

[–44; 22; –32] 38 4.18 [8; 20; 10] Caudate 3.42

[2; 40; –26] 11 3.97    

Untrained 
> Trained

Pre None [56; –68; 14] 39 4.41

[32; 8; –34] 38 4.03

[4; 56; 20] 10 3.99

   [–66; –18; –24] 20 3.97

Post None [20; 64; 24] 10 6.98

[56; –52; 16] 22 6.67

[–8; –54; 36] 7 5.60

[24; 38; 44] 8 4.42

[58; –2; –32] 20 4.26

[68; –36; –6] 21 3.73

   [–26; 34; 46] 8 3.61

3M [–28; –46; –2] 19 4.83 [54; –18; 10] 41 3.80

[50; 40; –10] 47 4.07 [48; –58; –8] 19 3.46

[–36; 44; 32] 9 3.97 [50; –40; 10] 21 3.36

[60; 14; 34] 9 3.63 [–64; –18; –30] 20 3.35

[60; –38; 6] 22 3.27    

Table 4.  Main peak coordinates of fMRI two sample t-test results for comparison between trained and untrained group as de-
picted in Figure 2.

Coordinates are in Talairach space, BA – Brodmann area.
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A

B

Figure 3.  Functional MRI tasks results (GLM analyses). Two-sample t-tests were computed between trained and healthy group and 
between untrained and healthy group for each task (SD/TD and VG) and each session. For every contrast, only uncorrected 
contrasts are provided (p<0.01, 50 contiguous voxels). Peak coordinates are provided in Table 5. All pictures are in 
neurological convention.
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Semantic decision Verb generation

Coordinates (x y z) BA T-value Coordinates (x y z) BA T-value

Trained 
> Healthy

Pre [–8; 28; –12] 11 4.69 [–34; –20; 58] 4 4.90

[–16; 6; –14] 34 4.29 [–26; –48; 60] 7 3.21

[56; –36; 28] 40 4.16 [10; –48; –24] Cerebellum 3.01

[62; 12; 4] 44 3.70

[28; 12; 60] 6 3.65

[6; 6; 44] 32 3.38

[60; –48; –6] 37 3.33

[–18; –16; –10] 28 3.23

[50; 4; –12] 38 3.18    

Post [–12; 8; 44] 24 4.22 [–34; –18; 60] 7 3.87

[60; 8; 10] 44 4.16 [–4; –8; 46] 24 3.12

[52; 2; 12] 6 3.41

[60; –18; 8] 42 3.46

[64; –34; 36] 40 3.44

[38; 8; –8] 13 3.33    

3M [–8; 30; –14] 11 4.15 [–4; –4; 44] 24 3.48

[–12; 8; 40] 32 4.01 [–32; –18; 58] 4 3.19

[–18; –18; –8] 35 3.38 [–4; 50; –4] 10 3.05

[32; –38; 46] 40 3.16    

Healthy 
> Trained

Pre [10; 68; 28] 10 3.49 [30; –62; 10] 31 4.28

[40; –48; –8] 37 4.07

[–36; 56; 4] 10 3.77

   [–6; 8; 70] 6 3.08

Post [–4; 70; 14] 10 3.89 [–34; 40; –10] 11 4.94

[–6; 26; 58] 6 3.60 [–68; –44; –8] 21 4.85

[–24; –40; –20] Cerebellum 3.36 [–22; 10; 56] 6 4.60

[42; 58; 4] 10 3.35 [–44; 30; 22] 46 4.32

[–42; 58; 2] 10 3.12 [–14; 70; 18] 10 4.24

[–34; –72; 12] 19 3.35

[–22; –66; 38] 7 3.34

[–8; 16; 20] Cerebellum 3.32

   [34; 24; –10] 47 3.23

3M [36; 10; –30] 9 3.77 [–30; 28; –16] 47 3.90

[34; 58; –2] 10 3.43 [–48; –50; –10] 37 3.85

[14; –40; –20] Cerebellum 3.30 [–50; 28; 30] 9 3.47

[–16; –36; –20] Cerebellum 3.18 [–22; –66; 36] 7 3.26

[32; –58; 8] 30 3.13

[38; 36; 14] 46 3.07

   [54; 8; –4] 22 2.93

Table 5A.  Main peak coordinates of fMRI two sample t-test results for comparison between trained and healthy control group 
as depicted in Figure 3.

Coordinates are in Talairach space, BA – Brodmann area.
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cingulate for SDTD, anterior cingulate and temporal gyrus for 
VG, all located in right hemisphere.

Areas associated with BNT improvement between three-month 
and post-treatment were right temporal gyrus, right postcen-
tral, and precentral gyri, and thalamus for SDTD, and left mid-
dle and superior frontal gyri for VG.

Discussion

The aim of the present study was to examine the effects of 
intensive language training (CIAT) on the cortical correlates 
of post-stroke recovery in patients with chronic (> one year) 
post-stroke aphasia who participated in a randomized trial of 

CIAT [7] and who were able to receive fMRI. Behavioral results 
revealed a relatively small effect of CIAT compared to observa-
tion only (untrained group) on naming performance. Although 
patients in the CIAT group numerically outperformed the obser-
vation group during the post-intervention testing, these differ-
ences were not statistically different but were in the expected 
direction [7]. Similarly, fMRI comparison between trained and 
untrained groups revealed only relatively minor effects of CIAT 
training over time on cortical activity (Figure 2). There may be 
several possible explanations for the relative lack of change 
observed in our data, including those eluded to in our original 
manuscript [7] that relate to very high variability in the studied 
cohort. In addition, other possibilities include the fact that CIAT 
is not associated with significant changes in cortical activity. 
Indeed, more than a year after stroke, spontaneous recovery is 

Semantic decision Verb generation

Coordinates (x y z) BA T-value Coordinates (x y z) BA T-value

Untrained 
> Healthy

Pre [56; 10; 30] 9 5.62 [24; –42; –32] Cerebellum 4.03

[10; 2; 56] 6 3.65 [–30; –38; 72] 5 3.99

[–40; 48; 28] 9 3.22 [–48; –18; 58] 3 3.89

[38; –22; 38] 3 3.18 [–28; –44; –38] Cerebellum 3.52

[18; 32; 50] 8 3.2

[24; 58; 10] 10 3.08

   [–28; –94; 8] 18 3.07

Post [54; 10; 36] 9 4.41 [20; –46; –34] Cerebellum 4.55

[14; 16; –24] 47 3.57 [–22; 60; 20] 10 4.22

[–58; –56; –6] 37 3.53 [50; –30; 12] 41 4.13

[56; –6; –2] 22 3.45 [2; –50; 28] 31 4.05

[2; –2; 40] 24 3.49

[2; 52; 14] 10 3.45

[54; –50; 16] 22 3.42

   [16; –26; 34] 31 3.12

3M [54; 10; 36] 9 6.85 [10; –52; –18] cerebellum 4.47

[12; 4; 54] 6 4.84 [34; –28; 14] 13 4.44

[16; –54; 40] 7 4.37 [–68; –34; 24] 40 4.24

[–36; 46; 32] 9 4.02 [–42; –16; –32] 20 4.03

[4; 16; –28] 11 3.83 [–30; –38; 70] 5 3.97

[–60; 4; 4] 22 3.82 [20; 28; –18] 11 3.79

[12; –48; 52] 7 3.72 [–14; –70; 8] 23 3.46

[8; –56; –30] Cerebellum 3.59 [46; –20; 36] 3 3.19

[26; 28; 22] 32 3.42 [12; –60; 4] 18 3.17

[34; 12; 18] 13 3.3    

Table 5B.  Main peak coordinates of fMRI two sample t-test results for comparison between untrained and healthy control group 
as depicted in Figure 3.
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Table 5B continued.  Main peak coordinates of fMRI two sample t-test results for comparison between untrained and healthy 
control group as depicted in Figure 3.

Semantic decision Verb generation

Coordinates (x y z) BA T-value Coordinates (x y z) BA T-value

Heathy 
> Untrained

Pre [30; 22; –10] 47 6.31 [–46; 22; –6] 47 4.8

[58; –56; 16] 22 6.07 [–2; 18; 44] 6 4.31

[–6; 62; 18] 10 5.24 [–40; –32; –24] Cerebellum 3.68

[–32; 18; –16] 47 4.85 [10; –58; 48] 7 3.43

[–38; 24; 50] 8 4.3 [–2; –38; –16] Cerebelllum 3.27

[0; 30; –28] 32 4.29

[34; –60; –8] Cerebellum 3.87

[–40; 4; –42] 20 3.81

[30; –10; –38] 20 3.72

[–48; –76; 26] 39 3.66

[–60; –28; –14] 21 3.42    

Post [–12; –18; –16] 28 6.04 [0; 14; 52] 6 10.52

[4; –74; 30] 7 5.03 [–60; –24; –30] 20 5.25

[32; –62; –8] Cerebellum 4.59 [–62; –48; –22] 37 4.98

[68; –8; –18] 21 4.57 [18; –66; –38] Cerebellum 4.86

[–26; 60; –2] 10 4.3 [–54; 18; 24] 9 4.85

[8; –12; 24] 23 4.24 [–22; 6; –44] 38 4.3

[–30; 18; –18] 47 4.04 [60; –42; 46] 40 3.82

[26; 38; 48] 8 3.97 [4; –86; –10] 18 3.76

[16; –6; –16] 34 3.87 [–32; 8; 62] 6 3.74

[32; 32; –8] 47 3.73 [18; –84; 38] 19 3.62

[–4; 44; 16] 9 3.67 [–18; –72; 58] 7 3.33

[–38; –46; 66] 5 3.57 [–30; –82; 40] 19 3.21

[–46; –28; 40] 2 3.57

[54; –62; 40] 39 3.54

[–2; 36; 54] 8 3.52    

3M

[–18; –14; –20] 28 5.26 [–2; 16; 50] 8 6.32

[–58; –8; –28] 20 4.91 [–46; 24; –6] 47 5.64

[–54; –24; –14] 21 4.33 [–10; –24; 24] Caudate 4.31

[–44; 24; –30] 38 4.06 [34; –66; –32] Cerebellum 4.24

[–8; 56; –28] 11 3.94 [30; 54; 36] 9 4.23

[0; 38; 38] 8 3.84 [56; 28; 24] 46 4.1

[–6; –40; –8] Cerebellum 3.79 [30; 24; –8] 47 3.71

[58; 8; –24] 21 3.79 [–16; –86; 46] 19 3.63

[52; –56; 14] 22 3.77 [–18; –68; 54] 7 3.52

[0; –50; 8] 29 3.58 [30; 0; 24] 13 3.49

[–18; –52; 8] 30 3.53    

Coordinates are in Talairach space, BA – Brodmann area.
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Figure 4.  Lateralization Index (LI) results. Two-sample t-tests revealed no significant effect of training. LI values for healthy group are 
consistently different. Healthy group LI values are depicted in red, trained group LI values are depicted in blue, untrained 
group LI values are depicted in green. Error bars represent standard error of the mean. Pre- refers to pre-training time-point, 
post- refers to post-training time-point, and 3M refers to 3-month follow-up.
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known to be very unlikely and little is known about the possi-
bility of treatment-related improvements after 12 months [5]. 
However, this explanation is unlikely given that other studies 
observed neuroimaging changes in response to other types 
of therapy [45,46]. Thus, another and more plausible expla-
nation for the relative lack of differences between groups is 
the substantial variability in the collected neuroimaging data 
(Figure 2) suggesting that a larger sample of individuals needs 
to be collected in order to determine the presence or absence 

of significant effects of the intervention [7]. This is discussed 
in more detail in the following section.

No significant Group X Time interactions were found between 
trained and untrained groups. The possible, and in fact likely, 
explanation for this relative lack of statistically significant dif-
ferences between groups is the high variability among patients 
in lesion size and location as well as in behavioral performance. 
Two-sample t-tests between untrained and trained groups 

   Frontal Temp-Par Cerebellum. GLM Broca’s

Semantic  
decision

Time
F-value 0.81 0.25 1.21 0.05 0.66

p-value 0.45 0.77 0.31 0.95 0.51

Time X Group
F-value 0.25 0.35 0.49 0.73 0.05

p-value 0.77 0.7 0.61 0.48 0.94

Verb 
Generation

Time
F-value 0.84 0.25 0.11 0.02 1.8

p-value 0.43 0.77 0.88 0.97 0.18

Time X Group
F-value 1.3 0.35 1.8 0.65 1.54

p-value 0.28 0.7 0.18 0.52 0.22

Table 6.  Repeated-measures ANOVAs on LI values for both stroke groups. For each region of interest (5 different masks) and each task 
a Group X Time-point ANOVA was computed with two groups (trained vs. untrained) and three time-points.

A

B

Figure 5.  Functional MRI tasks results of regression analyses with BNT (p<0.01; 50 contiguous voxels). Functional difference over time 
for each task is regressed with difference in BNT score over time. Peak coordinates are provided in Table 7. All pictures are in 
neurological convention.
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showed results consistent with this assumption (Figure 2). 
Moreover, SDTD and VG tasks resulted in somewhat different 
activation patterns. The trained group had higher cortical ac-
tivity pre- and immediately post-training for SDTD (untrained 
group for VG) and untrained group exhibits higher cortical ac-
tivity at three-months for SDTD (trained group for VG). Because 
these fMRI language tasks examine different aspects of lan-
guage (semantic decision versus verb generation), this suggests 
that CIAT training may have different effects on different as-
pects of language. Comparisons between stroke patients and 
healthy controls (Figure 3) support the idea that the observed 
results may be related to high variability in the stroke data: 
two main observations can be made concerning the SDTD re-
sults. First, at three-months, the untrained group had more 
activity in the right frontal area (Broca area homologue) com-
pared to healthy participants. This is consistent with the pre-
viously observed spontaneous but inefficient reorganization 
of language function after stroke to the right (non-dominant) 
hemisphere [47–50]. However, this effect was not observed in 
the trained group, suggesting that changes in language later-
alization observed in this study, while not significant, may be 
characterized as shifts of the fMRI activation patterns to the 
previously dominant for language left hemisphere. This is con-
sistent with previous studies that showed temporal changes 
in post-stroke language recovery and the need for increased 
left hemispheric participation in order for the language func-
tions to return as close to pre-stroke level as possible [1,51,52]. 
This idea of a reorganization of language function after stroke 
to the right (non-dominant) hemisphere is also supported by 
the results from the regression analyses: a vast majority of 
cortical areas correlated with BNT score improvement over 

time was located in the right hemisphere (Figure 5, Table 7). 
Another possibility is that the observed reorganization to the 
right hemisphere might not be related to language function 
recovery, but, as it has been suggested previously, may even 
inhibit the recovery [53–58]. Second, there appears to be a 
relatively minimal difference in fMRI activity between healthy 
participants compared to trained or untrained participants 
(Figure 2, SDTD: healthy > trained and healthy > untrained). 
This lack of differences is likely related to the inter-individual 
variability within stroke patients rather than other reasons. It 
appears, at least in our cohort, that CIAT training does not re-
duce this variability.

In general, the results of the VG task appeared to be quite dif-
ferent than the results of the SDTD task. The majority of dif-
ferences between healthy participants and stroke participants 
appeared to arise after the training time-point (post-train-
ing and three-months) and those differences were of greater 
magnitude in the trained group (Figure 3). This suggests that 
CIAT training might promote the functional reorganization of 
language functions following a stroke. Differences between 
SDTD and VG results were also found for regression analyses 
between BNT behavioral score and fMRI results. Areas asso-
ciated with BNT improvement between pre- and post-treat-
ment were anterior cingulate, thalamus, cerebellum, and cin-
gulate for SDTD, anterior cingulate and temporal gyrus for VG, 
all located in right hemisphere. Areas associated with BNT im-
provement between three-months and post-treatment were 
temporal gyrus, postcentral gyrus, precentral gyrus, and thal-
amus for SDTD (all in right hemisphere), and left middle and 
superior frontal gyri for VG.

Semantic decision Verb generation

Coordinates (x y z) Brodman T-value Coordinates (x y z) Brodman T-value

Trained 
+ 
Untrained

Post 
minus 
Pre

[8; 32; 12] 24 5.25 [6; 28; –10] 32 5.21

[16; –8; –12] 28 4.50 [58; –32; –16] 20 3.82

[22; –14; 14] Thalamus 4.44

[6; –42; –6] Cerebellum 3.88

[32; 4; –6] Cerebellum 3.65

[22; –34; 26] 31 3.58

[34; 16; 14] 13 3.09    

3M 
minus 
Post

[52; –64; 6] 37 4.13 [46; 22; 44] 8 4.16

[66; –12; 18] 43 3.95 [–38; 52; 10] 10 3.60

[34; –20; 48] 4 3.59 [20; 16; –12] 47 3.25

[2; –10; 14] Thalamus 3.33 [–20; 48; 22] 19 3.05

Table 7.  Main peaks coordinates of regression analyses between fMRI results of both stroke groups (Trained and Untrained) as 
depicted in Figure 5 and BNT behavioral scores.

Coordinates are in Talairach space, BA – Brodmann area.
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Overall, the differences in fMRI between healthy controls and 
stroke patients (trained and untrained) suggest that stroke 
affects the organization of different language functions in a 
different manner, as documented by the differences between 
VG and SDTD results including regression analyses of the lan-
guage tasks with BNT (Figure 5, Table 7). Future studies should 
be careful in the interpretation of their results concerning the 
reorganization of language brain functions following a stroke 
(or any other brain injury) as the observed differences could 
be, in part, related to the type of the language task used [33]. 
The language lateralization results appear to be consistent with 
this idea. While the results of language lateralization in stroke 
patients were clearly different when compared to healthy con-
trols, there were no differences between the stroke patients 
at various time points despite the fact that there were some 
differences in the activation patterns (Figure 3). This may in-
dicate that language lateralization is a unidimensional mea-
sure that does not reflect the complexities of functional reor-
ganization of language functions in the brain that are more 
complex than simple left/right hemisphere balance and po-
tential compensation by right homotopic areas, as suggested 
previously [59,60]. Despite the vast majority of differences in 
results between SDTD and VG task, a cortical area correlated 
with behavioral score improvement over time was found for 
both fMRI tasks. This area was the anterior cingulate, which 
has been described as having a central role in processing and 
regulating information in the human brain [61,62]. In this case, 
we believe that the anterior cingulate played a critical role in 
regulating information in order to compensate for functional 
loss of language functions following stroke.

It is well known that aging has a deep impact on the human 
brain. Age-related decline in cerebral macrostructure, such as 
reductions in gray and white matter volume, is well-document-
ed [63–67]. Those age-related differences in cortical structure 
are likely to have a deep negative impact on cognitive func-
tioning [68] and, therefore, potential for cortical plasticity [69]. 
Moreover, such a traumatic event as a left ischemic stroke fur-
ther alters cognitive functions and, thus, lowers substantially 
potential plasticity. Altogether, it is possible that CIAT training 
alone may not be sufficient to induce improvement compared 

to spontaneous recovery when training starts more than 12 
months post-stroke and other supportive measures, such as a 
transfer package, may be needed [70]. Future studies should 
explore the possibility of enhancing the effects of language 
interventions by associating it with other forms of interven-
tions that may exert effects on cognitive functions via differ-
ent mechanisms such as: physical exercise [71], transcrani-
al direct current stimulation (tDCS) or transcranial magnetic 
stimulation [72,73].

Limitations to the current study should also be considered. 
As indicated earlier, the potential caveat of group analysis in 
stroke patients are the inter-individual differences. Brain ar-
eas affected by strokes are different (even if roughly located 
in same areas) and even if they lead to the same language 
challenges and type of aphasia, the impact on brain activity 
is very likely to be different across individuals. This likely ex-
plains the large standard errors obtained in stroke patients’ 
behavioral scores and lateralization indices (Figure 3). Also, 
this study was intended to be preliminary in nature. As such, 
this was reflected in our approach to the analyses and com-
putation of various correlations over extensive brain areas (LI 
masks for example). While these analyses and results pro-
vide important information, the analytic approach may have 
had a negative impact on the power of this study. Thus, all re-
sults presented here should be considered as framework for 
future explorations.

Conclusions

Constraint-induced aphasia therapy is an attempt to adapt a 
successful therapeutic approach to a different functional mo-
dality. The changes in cortical activation patterns between pre- 
and post-intervention scanning sessions and the observed 
trends in behavioral data suggest that despite common corti-
cal areas associated with behavioral improvement, variability 
among people suffering from stroke-induced aphasia is so im-
portant that trainings such as CIAT have a variable impact as 
well. Studies that include larger participant samples are needed 
to assess the effects of CIAT on post-stroke language recovery.
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