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Summary

Post-stroke language functions depend on the relative contributions of the dominant and non-
dominant hemispheres. Thus, we aimed to identify the neural correlates of overt and covert verb
generation in adult post-stroke aphasia.

Sixteen aphasic LMCA stroke patients (SPs) and 32 healthy controls (HCs) underwent language
testing followed by fMRI while performing an overt event-related verb generation task (ER-VGT)
isolating activations related to noun-verb semantic processing or to articulation and auditory pro-
cessing, and a covert block design verb generation task (BD-VGT).

BD-VGT activation patterns were consistent with previous studies, while ER-VGT showed differ-
ent patterns in SPs relative to HCs including less left-hemispheric involvement during semantic
processing and predominantly right-sided activation related to articulation and auditory process-
ing. ER-VGT intra-scanner performance was positively associated with activation during semantic
associations in the left middle temporal gyrus for HCs ($=0.031) and left middle frontal gyrus for
SPs ($=0.042). Increased activation in superior frontal/cingulate gyri was associated with better
intra-scanner performance ($=0.020). Lesion size negatively impacted verbal fluency tested with
Controlled Oral Word Association Test ($=0.0092) and the Semantic Fluency Test (p=0.033) and
trended towards a negative association with verb generation performance on the event-related verb
generation task (p=0.081).

Greater retention of pre-stroke language skills is associated with greater involvement of the left
hemisphere with different cortical recruitment patterns observed in SPs versus HCs. Post-stroke
verbal fluency may depend more upon the structural and functional integrity of the dominant left
hemisphere language network rather than the shift to contralateral homologues.
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BACKGROUND

The outcome of patients with post-stroke aphasia is overall
poor [1-3]. While there is ample evidence that the major-
ity of aphasia recovery occurs early after stroke [4,5], the
mechanisms of such recovery, the strategies to successful-
ly augment recovery, and the efficacy of such strategies are
less clear. These uncertainties prevents us from develop-
ing effective therapies to aid in post-stroke aphasia recov-
ery that will afford these patients better reintegration into
the society and assuming their pre-stroke roles. Therefore,
itis incumbent upon us to understand the mechanisms of
post-stroke language function and recovery in order to de-
velop appropriate rehabilitative strategies.

The mechanisms of recovery after prenatal or early post-
natal injury may be different from those after the damage
acquired later in life [6]. For example, in children after
hemispherectomy performed for the treatment of intrac-
table epilepsy, language abilities are relatively indepen-
dent of the side of resection (whether left or right) indi-
cating that the early injury to the left hemisphere is met
by the brain with extensive reorganization that leads to
the preservation of language as the hierarchically most
important function [6,7]. After a prenatal or early post-
natal left-hemispheric stroke, language recovery may be
dependent on shifting language function to contralateral
homologues [8-13] though this notion has been recent-
ly disputed [14]. Nevertheless, greater recruitment of the
right hemispheric homologues does not always result from
left hemisphere damage [15] and is not always associated
with improved language function [16]. Studies of adult
stroke provide increasing evidence that functional pres-
ervation and recovery of ipsilateral (peristroke) language
regions may provide greater advantage towards improved
language function [17-22] than the right-hemispheric
shift or dependence upon the functionality of intact right
hemispheric regions.

Tasks utilized in previous neuroimaging studies of aphasia
have employed both mental (i.e., covert) processing and
intra-scanner performance monitoring (e.g., recording of
push-button or overt verbal responses) to study language
function. Recording intra-scanner responses while subjects
are performing language tasks during functional magnet-
ic resonance imaging (fMRI) is of particular importance
for establishing the correlations between linguistic abili-
ties and cortical stroke-related damage. Lack of this direct
performance measure may limit the inferences that can be
made regarding relationships between task performance
and observed patterns of language-related activation dur-
ing verb generation. In chronically aphasic stroke patients
with static brain lesions, determining which areas are im-
portant for verbal fluency can improve our understanding
of language function in post-stroke aphasia. Furthermore,
while detailed analyses of individual neuroimaging and be-
havioral data are frequently performed to assess specific def-
icits and their unique cortical correlates, group analyses of
stroke patients (e.g., in [12,19,22]) may provide an advan-
tage by detecting group trends related to injury and sub-
sequent recovery and function that may be beneficial for
later development of interventions such as repetitive tran-
scranial magnetic stimulation [22] or transcranial direct-
current stimulation [23,24].

The leading hypothesis for this study was that the left mid-
dle cerebral artery (LMCA) stroke patients with aphasia will
overall exhibit compensatory peristroke and right-hemi-
spheric fMRI activation while performing an eventrelated
verb generation task (ER-VGT) but that better verb gener-
ation performance will be associated with functional pres-
ervation and increased involvement of the dominant left-
hemispheric language areas (i.e., cortical areas ipsilateral to
the stroke). Therefore, the aim of this study was to identify
the neural correlates of overt verb generation performance
in LMCA stroke patients and to assess the relationship be-
tween intra-scanner performance and cortical recruitment.
We utilized the ER-VGT with sparse fMRI data acquisition
[25] that allowed for intra-scanner recording and assess-
ment of overt responses when subjects were asked to gen-
erate verbs related to a given noun or to repeat the noun
[26,27]. Subjects also performed a covert block-design verb
generation task (BD-VGT) in order to confirm expected
language distribution in the enrolled patients [12,28] as
the ER-VGT has not been used previously in post-stroke
aphasia subjects.

MATERIAL AND METHODS

Subjects

Sixteen LMCA adult stroke subjects (7 female), at least 6
months poststroke (mean +SD of 3.7+3.5 years) were re-
cruited (Table 1). Stroke subjects had a Modified Rankin
Scale score of 3 or better and were moderately to severe-
ly aphasic at time of study enrollment as assessed using the
Token Test [29]. Using a ratio of two healthy control sub-
jects (HC) for one stroke subject, a subset of 32 HC (14 fe-
male) were also included and matched as close as possible
to stroke subjects for age, gender and pre-stroke handed-
ness. All subjects were righthanded as determined by an
Edinburgh Handedness Inventory (EHI) score >50 [30].
HC subjects had no history of neurological or psychiatric
conditions. All subjects provided written informed consent
before participating in the study and had no contraindica-
tions to undergoing a 3T MRI. This investigation was part
of a larger ongoing study (NIH R0O1-NS04828), which was
approved by the Institutional Review Board.

Language assessments

Pre-MRI language assessment was performed for all sub-
jects. Subjects were tested for receptive vocabulary (Peabody
Picture Vocabulary Test, Fourth edition [31]) and for word-
finding and semantic retrieval skills (Boston Naming Test,
Second edition [32]) which produced a standardized score
for each test based on the subject’s correct responses. They
were given two tests of verbal fluency which were scored
based on the number of words they can say in one minute
for a given letter (Controlled Oral Word Association Test
[33]) ora given category (Semantic Fluency Test [33,34]).
Subjects were also tested on their ability to comprehend and
recall information for 12 items, from simple to more diffi-
cult material, that were orally presented by the examiner
(Complex Ideation subtest of the Boston Diagnostic Aphasia
Examination [35]). Independent samples #tests (two-tailed)
were performed using SAS, version 9.1 (Statistical Analysis
System, SAS Institute, Cary, NC) to characterize differences
in language function between LMCA stroke and HC subjects.
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Table 1. Demographic, clinical and performance variables for study subjects.

Healthy (14F, 18M) Stroke (7F, 9M)
Age, years 51.1 (9.0) 54.4 9.5)
Edinburgh Handedness Inventory score 94.9 (8.0) 90.3 (18.2)
Token Test score* 43.7 (0.6) 25.5 (11.3)
Clinical history
Hypertension 6 (18.75) 5 (31.25)
Diabetes Mellitus 2 (6.25) 2 (12.50)
High Cholesterol 6 (18.75) 9 (56.25)
Coronary Artery Disease 0 (0.00) 2 (12.50)
Myocardial Infarction 0 (0.00) 1 (6.25)
Atrial Fibrillation 1 (3.13) 2 (12.50)
Language assessments*
Peabody Picture Vocabulary Test score 216.2 (7.2) 197.2 (19.8)
Boston Naming Test score 57.0 3.7 40.4 (17.5)
Controlled Oral Word Association Test score 416 (11.4) 10.3 (6.8)
Semantic Fluency Test score 56.3 (12.9) 23.7 (14.0)
Complex Ideation score 1.4 (0.9 8.4 (3.5)
BD-VGT noun recognition, % accuracy™ 94.6 (4.9) 85.9 (10.9)
ER-VGT overt verb generation (15 trials)*
Number of correct trials 13.2 (2.2) 3.0 (3.7
Number of correctly generated verbs 282 (8.8) 3.8 (5.9)
ER-VGT overt noun repetition (15 trials)*
Number of correct trials 14.6 (0.8) 11.6 (4.6)
Number of correctly repeated nouns 65.0 (24.5) 18.7 (11.6)

Data are reported as mean (SD) except for clinical history variables which are reported as frequency (percentages).
* Significant difference in performance between groups on the Token Test, language assessments, the BD-VGT and the ER-VGT (all p<0.05).

Verb generation tasks

The verb generation tasks used in this study were programmed
and presented during fMRI using DirectRT (Version 2008;
Empirisoft, www.empirisoft.com). The experimental fMRI
task was a recently developed eventrelated verb generation
task (ER-VGT) [26,27]. While performing this task, the sub-
jectis initially presented with a “Ready” screen for 4 seconds,
followed by 45 12-second trials. MRI silence occurs during the
first 6 seconds of each trial, followed by 6 seconds of fMRI
data acquisition. Audio is recorded during MRI silence, and
the subject is presented with an auditory stimulus, i.e., a con-
crete noun, and given visual instructions to respond either
by thinking of verbs associated with the noun (covert gener-
ation), saying the associated verbs (overt generation), or re-
peating the noun (overt repetition). During the fMRI data
acquisition that follows, the peak of the hemodynamic re-
sponse to the prior event trial (i.e., noun presentation fol-
lowed by covert generation, overt generation, or overt repe-
tition) is sampled. Covert generation, overt generation and
overt repetition each alternate 15 times during the task.

During the same imaging session, subjects also performed a
block-design verb-generation task (BD-VGT) introduced ini-
tially by Petersen et al. (1988), later modified by Wise et al.
(1991) and commonly used in fMRI studies [12,28,36-42].
Although the BD-VGT employs covert responses, this task
was also used because it is a simple and well-established fMRI
task that is easy to perform, with patterns of activation that
have been demonstrated in stroke [12,28]. A detailed de-
scription of the BD-VGT is provided in our recent publica-
tions and is only briefly presented here [12,28,40]. In this
task, subjects were aurally presented with a noun and were
instructed to mentally (covertly) generate related verbs (5
30-second test blocks), or they had to bilaterally tap their
fingers in response to a modulated tone (6 30-second con-
trol blocks).

Magnetic resonance imaging
Neuroimaging was performed using an 8-channel phased

array head coil on a Phillips 3 Tesla Clinical MRI system.
Subjects were fitted with MRI-compatible goggles and
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Figure 1. T1-weighted structural images of left
middle cerebral artery lesions in 16
patients with ischemic stroke. Slice
location selected to show the extent
of the aphasia-producing stroke. Each
axial slice is presented in radiological
convention.

headphones (Avotec, Inc.) that were used to present the
fMRI tasks and record verbal responses during the ER-
VGT. Pre-scanning procedures including RF coil calibra-
tion and shimming were performed followed by a high-res-
olution T1-weighted anatomical MRI (repetition time/echo
time = 8.1/3.7 msec, field of view = 25.0x21.1x18.0 cm,
matrix =252x211, flip angle 8°, 1 mm slices; Figure 1). A
multi-echo reference scan (MERS) was acquired to cor-
rect for geometric distortions and Nyquist ghost artifacts
[43]. T2*weighted fMRI scans were acquired using a gra-
dient echo EPI (echo planar image) sequence (repetition
time/echo time =2000/38 msec, field of view =24.0x24.0
cm, matrix =64x64, 32 axial slices, slice thickness =4 mm)
while subjects performed two runs of the BD-VGT (165
scans/run, scan time/run of 5 min 30 sec) and one run of
the ER-VGT (137 scans/run, scan time/run of 9 min 4 sec).

Behavioral data analysis

Following the scanning session, subjects performed a forced-
choice recognition test for nouns presented during the BD-
VGT; the percentage of correctly remembered nouns was
an indirect measure of task performance [41,44]. Verbal re-
sponses were recorded during the ER-VGT, and the num-
ber of correct trials for each overt condition was defined
as any trial in which at least one correct response was giv-
en. ER-VGT verb generation performance was assessed by
counting the total number of correct verbs (i.e., excluding
nouns, adjectives, other grammatical categories, repetitions

of the same verb, semantically unrelated verbs and incom-
prehensible verbalizations) produced during the 15 tri-
als of overt verb generation. For overt noun repetition, we
also counted the total number of correct repetitions given
over the 15 trials. Independent samples #tests (two-tailed)
were performed using SAS, version 9.1 (Statistical Analysis
System, SAS Institute, Cary, NC) to test for group differenc-
es in each measure of behavioral performance.

MRI data analysis

CCHIPS (Cincinnati Children’s Hospital Image Processing
Software; https://irc.cchme.org/software/cchips. php) , developed
in the Interactive Data Language environment (www.itt-
vis.com), was used to visualize images and to perform im-
age reconstruction, pre-processing, and statistical analyses.
For the ER-VGT, we removed the first 2 scans (i.e., “Ready”
screen presentation) since these were not relevant to the
eventrelated analysis. For the BD-VGT, we removed the first
control block of each run to allow for T1 equilibrium, fol-
lowed by concatenation of the two runs into a single data-
set. Standard image pre-processing steps were performed
for each fMRI dataset including correcting for head mo-
tion between frames using a pyramid iterative algorithm
[45] and spatial normalization into stereotactic space [46].

For both fMRI verb generation tasks, a general linear mod-
el (GLM) approach was performed to calculate relative dif-
ferences in the magnitude of the hemodynamic response
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Figure 2. Group z-score maps for the block-
design version of the verb generation
task (BD-VGT). (A) Brain regions show
increased activation related to covert
verb generation in healthy subjects,
with clusters of activation significant
at p<0.05, corrected for multiple voxel
comparisons and z-scores of activated
voxels ranging from 9.8 (blue) to 20
(red) and a cluster threshold of at least
30 contiguous voxels. LMCA stroke group
did not show activated clusters at this
threshold. (B) At a lower threshold of
p<0.001 uncorrected, both healthy
(top panel) and LMCA stroke (bottom
panel) subjects exhibit increased
activation related to covert verb
generation. Z-scores of activated voxels
range from 3.3 (blue) to 20 (red). Each
z-score map is presented in radiological
convention, with left on the picture

7=+47

between task conditions [47]. The GLM accounted for sub-
ject head motion and low frequency (quadratic) signal drift
by using these parameters as regressors in single subject
analysis. For each subject, GLM contrasts were used to de-
termine brain activation that is (1) greater for test blocks
relative to control blocks during the BD-VGT (covert gen-
eration > finger-tapping) to isolate activation related to co-
vert verb generation, (2) greater for overt verb generation
relative to overt noun repetition during ER-VGT (overt gen-
eration > repetition) to capture brain activation related to
processing noun-verb semantic associations, while control-
ling for articulation and auditory processing, and (3) great-
er for overt relative to covert verb generation during ER-
VGT (overt > covert generation) to capture brain activation
related to articulation and auditory processing, while con-
trolling for semantic processing [26,27].

Group-level analysis was performed by constructing a com-
posite dataset of each GLM contrast for each group of sub-
jects. A one-sample ttest was performed for each composite
dataset to create z-score maps illustrating the overall group
effects for covert verb generation during BD-VGT (covert
generation > finger-tapping), for processing noun-verb se-
mantic associations during ER-VGT (overt generation > rep-
etition), and for articulation and auditory processing during
ER-VGT (overt > covert generation). As a final step, spatial
smoothing using a 6 mm Gaussian filter was applied to each
composite dataset. The resultant z-score maps consisted of
activation clusters of at least 30 contiguous voxels (1920 pL)
that were statistically significant at a corrected threshold of
£<0.05, determined using a cluster simulation algorithm to
account for multiple voxel comparisons and reduce false
positive results [48]. A less stringent uncorrected threshold
of $<0.001 was also used during group analysis.

To quantify the differences in lateralization of language-re-
lated activation between healthy and stroke subjects, anatom-
ical regions of interest (ROIs) were selected based on pre-
viously defined frontal and posterior language areas [12].
The frontal ROI was comprised of anterior language areas
in both hemispheres: inferior frontal gyrus (IFG), middle

corresponding to the right hemisphere,
and are superimposed on an average
T1-weighted image generated from all
subjects of each group. The 7 axial slices
selected for each display panel range in
Talairach coordinates from z=—25 mm
(left) to z=+47 mm (right).

frontal gyrus (MFG) and anterior insula including BAs 13,
44, 45, 46, and 47. The posterior ROI applied to the BD-
VGT (covert generation > finger-tapping) and ER-VGT
(overt generation > repetition) contrasts was comprised of
regions in and around Wernicke’s area and its contralater-
al homologue: superior temporal gyrus (STG), middle tem-
poral gyrus (MTG), supramarginal gyrus and angular gyrus
including portions of BAs 20, 21, 37, 38, 39, and 42. Due to
the nature of the ER-VGT (overt > covert generation) con-
trast isolating activation related to articulation and auditory
processing, the posterior ROI was restricted to the STG. We
used the automatic anatomical labeling atlas [49] in AFNI
[50] to create masks of the frontal and posterior ROIs that
were used for subsequent lateralization index (LI) analysis
in CCHIPS. For each subject and for each GLM contrast, the
mean z-score was calculated separately within the frontal and
posterior ROIs and used to calculate LI [51], which was then
used to determine lateralization of each ROI: LI >0.1 is left
lateralized; LI <-0.1 is right lateralized; —0.1< LI <0.1 is sym-
metric [38,41]. We used SAS, version 9.1 (Statistical Analysis
System, SAS Institute, Cary, NC) to examine group differenc-
es in mean LI scores (two-sample #tests) and in the distribu-
tion patterns of language lateralization (Fisher’s exact tests).

Associations between intra-scanner performance and
fMRI activation

We also examined the relationship between intra-scanner
performance and cortical involvement in verb generation
by focusing on the ER-VGT contrast designed to isolate the
processing of noun-verb semantic associations (overt gen-
eration > repetition). This ER-VGT contrast in the stroke
group resulted in three clusters of significant activation
(Figure 2A, bottom panel). One cluster was located in the
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Table 2. Description of lesions for the 16 LMCA stroke patients.

. Years . . . . Lesion
Patient  Sex Age post-stroke Type of aphasia Left hemishere lesion location volume (mm?)
1 : 78 41 Anomic, mild dysarthria Insglar cortex with extension to subcortical 5,438
white matter and corona radiata
Entire temporal lobe with extension to
2 F 41 5.8 Anomic posterior frontal and anterior parietal regions 113,019
(includes entire insula)
Inferior frontal and temporal area with
3 M 61 1.4 Anomic, mild dysarthria  posterior frontal and anterior parietal 110,990
extension (includes entire insula)
4 F 63 0.5 Mild dysﬂuency, mild Temporo-occipital junction 4,692
anomia
Anterior temporal with extension to lateral
5 M 54 1.6 Nonfluent temporal and fronto-temporal regions 105,391
(including anterior frontal convexity)
Lateral temporal with extension to fronto-
6 F 55 10.3 Nonfluent (Broca-type) ~ temporal junction and posteror frontal 83,543
convexity
7 M3 19 Nonfluent, dysarthria, 1o /cuby-insular 19,612
frequent paraphasias
8 F 64 0.5 Anomic Striatum/corona radiata 3,022
9 M 56 3.4 Nonfluent (Broca-type) Entire middle cerebral artery territory 248,860
10 M 53 5.0 Anomic Inferior and middle frontal gyri 54,391
1 M 55 12 Anomic, conduction !nfenor froptal and msulgr with extension 54,538
into posterior frontal regions
12 Fooos 65 Nonfluent (Broca-type) |cPOro-parieto-occipital with extensionto 445 ¢,
superior convexity of fronto-parietal region
3 M 18 61 Mild dysﬂuepcy, poor Pos.terlor temppral and extensive corona 63,351
comprehension radiata/posterior frontal lesion
14 M 46 0.5 Mild anomia Medial temporal lobe and thalamus 2,802
15 M 5) 05 Mild dysﬂuency, mild Terr'lporo-occip‘ital junction anq corona 16,588
anomia radiata extending to gyrus parietalis inferior
16 F 56 05 Nonfluent, poor Upper left insula and underlying white 5,721

comprehension

matter with extension into corona radiata

left MTG, another in the superior frontal gyrus extending
into the cingulate gyrus (SFG/CG), and a third cluster in
the left MFG. Each cluster was defined as a functional ROL
Since a number of studies have demonstrated associations
between improved performance and shifts in language-relat-
ed activation to the non-dominant hemisphere [12,52-54],
we also tested if verb generation performance depended on
the observed rightward shifts in the stroke subjects’ lateral
frontal and temporal ER-VGT activation related to articu-
lation and auditory processing (overt > covert generation).
Therefore, we also defined two functional ROIs, the right
insula/IFG and the right STG, from this ER-VGT contrast.
For each subject and functional ROI, values representing
the degree of fMRI activation related to processing noun-
verb semantic associations (i.e., the signal change from
the group’s normalized mean of the activated voxels) were

extracted. We assessed the relationship between ER-VGT
verb generation performance and fMRI activation using
Pearson’s correlation coefficient.

Determination of lesion size and its associations with
performance

Our data is comprised of a sample of left ischemic stroke
patients with aphasia. A representative image of each sub-
ject’s stroke lesion is illustrated in Figure 1. For each LMCA
stroke subject, brain lesions were manually traced on his or
her T1-weighted anatomical MRI by a trained neuro-anato-
mist, and the residual volume (mm?®) of the stroke was calcu-
lated using the number of voxels within the lesion. Aphasia
type for each patient was determined by a linguistics ex-
pert using results from the battery of language assessments.
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Table 2 gives a summary of the lesions and aphasia type for
each LMCA stroke subject. We examined the relationship
between lesion size and intra- and extra-scanner language
performance using Pearson’s correlation coefficient.

RESULTS

Language assessment and behavioral performance

Prior to MRI scanning, all subjects received a battery of lan-
guage assessments. Performance variables are summarized
in Table 1. As expected, HC subjects performed significant-
ly better than LMCA stroke subjects on all language assess-
ments, on BD-VGT post-scan noun recognition, and on all
ER-VGT intra-scanner behavioral measures (all p<0.05).

Functional MRI activation and language lateralization

GLM analysis was performed for each task to determine
task-related activation [47]. The following describes specific
fMRI activation and language-related lateralization patterns
within each group for each GLM contrast in greater detail.
Brain regions showing significant activation in the z-score
maps are listed in Table 3. Lateralization index (LI) scores,
calculated using anatomical ROIs of frontal and posterior
language areas used previously [12], and lateralization cat-
egories are summarized in Table 4.

Group z-score maps for the BD-VGT contrast isolating ac-
tivation related to covert verb generation (Figure 2A) re-
vealed that HC followed a typical pattern of left>right fron-
tal-temporal and left parietal activation, as well as activation
in the SFG/CG. This is similar to the pattern shown in pre-
vious studies utilizing this task [28,38,40-42]. HC activa-
tion maps for the BD-VGT contrast are displayed for both
a corrected p<0.05 (Figure 2A) and an uncorrected $<0.001
(Figure 2B, upper panel); a less stringent threshold was also
used due to the possibility of reduced signal to noise in data
obtained from elderly or diseased individuals [55]. LMCA
stroke subjects showed activation only at the lower thresh-
old (Figure 2B, lower panel) where they exhibited BD-VGT
activation in the right IFG and more superior regions of the
left IFG/MFG, the SFG, and bilateral (right>left) temporal
activation. The average LI scores for HC were significantly
greater than for stroke subjects for the posterior anatomi-
cal ROI (p=0.0053), but not for the frontal ROI (p=0.13).
These lateralization patterns were significantly different be-
tween groups for the posterior ROI ($=0.0028) but not for
the frontal ROI (p=0.055). Both the average LI scores and
pattern of lateralization correspond well with the group ac-
tivation patterns observed for the BD-VGT.

ER-VGT activation related to processing noun-verb seman-
tic associations in HC occurred in bilateral (left>right) IFG
and MFG, bilateral (left>right) MTG extending into STG,
medially-located SFG/CG, posterior CG and in cerebellar,
visual, and left temporo-parietal regions (Figure 3A, upper
panel). In contrast, stroke subjects exhibited only three clus-
ters of significant activation located in the left MTG, medi-
ally in the SFG/CG, and a more superior region of the left
MFG (Figure 3A, lower panel). For the frontal ROI, the av-
erage LI was significantly greater in HC than stroke sub-
jects (p=0.0002), and the pattern of lateralization was sig-
nificantly different between groups ($=0.00015) with the

stroke subjects exhibiting a shift towards more symmetric
language-related activation. These differences were not ev-
ident for the posterior ROl in either LI ($=0.25) or lateral-
ization pattern (p=0.78).

ER-VGT activation related to articulation and auditory pro-
cessing were predominantly symmetrical for HC, particu-
larly in insular and motor cortices and in temporal, visual,
cerebellar, and subcortical regions (Figure 3B; upper pan-
el). ER-VGT activation in stroke subjects occurred largely
in the unaffected hemisphere including the right insular
cortex, right>left motor cortex, right STG, and right thala-
mus (Figure 3B; lower panel). We also observed bilateral ac-
tivation in the cerebellum and visual cortex for stroke sub-
jects. The average LI scores were similar between HC and
stroke subjects for the frontal ROI ($=0.15), and there was
no group difference in the lateralization pattern for either
the frontal or posterior ROI ($=0.43 and p=0.11, respective-
ly). However, there was a trend towards a significant group
difference for the posterior ROI (p=0.052), with the more
negative mean LI for stroke subjects reflecting the right
STG activation in their group activation map compared to
the bilateral STG activation observed in healthy subjects.

Relationships between functional ROI activation and
intra-scanner performance

We found significant positive associations between verb
generation performance and fMRI activation during ER-
VGT semantic processing for stroke subjects in the left
MFG (r=0.51, $=0.042) and in the more medially located
SFG/CG (r=0.57, p=0.020), but not in the left MTG (r=0.26,
p=0.32). Conversely, the HCs exhibited a significant rela-
tionship between verb generation performance and fMRI
activation related to semantic processing in the left MTG
(r=0.38, p=0.031), but not in the left MFG (r=0.17, p=0.35)
or the SFG/CG (r=0.038, p=0.84). There were no signif-
icant associations in either group between verb genera-
tion performance and ER-VGT activation related to artic-
ulation and auditory processing in the right insula/IFG or
right STG (all p>0.1).

Associations between lesion size and performance

Lesion volume had significant negative associations with
performance on the Controlled Oral Word Association Test
(r==0.63, p=0.0092) and the Semantic Fluency Test (r=-0.53,
$=0.033), and showed a trend towards a negative associa-
tion with ER-VGT verb generation performance (r=—0.45,
$=0.081). However, lesion volume was not significantly as-
sociated with performance on the post-fMRI noun recogni-
tion test (r=—0.39, p=0.13), the Complex Ideation subtest of
the Boston Diagnostic Aphasia Examination, the Peabody
Picture Vocabulary Test (1=0.12, p=0.66) and the Boston
Naming Test (=-0.31, p=0.24).

DiscussIoN

The main goals of this study were to identify the neural cor-
relates of overt verb generation in LMCA stroke patients
with persistent post-stroke aphasia and to assess the rela-
tionship between intra-scanner performance and task-re-
lated cortical involvement. To do so, we used the ER-VGT,
an fMRI task that allowed for the recording of the subject’s
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Table 3. Activation foci (centroid Talairach coordinates) and Brodmann's Areas (BAs) for the activated brain regions for the group z-score maps
shown in Figures 2 and 3.

Group Regions BAs Xz
Healthy R. Cerebellum 21,-68,-27
(Fig. 22) L. Middle/Superior Temporal Gyrus 21,22,38,42 -56,-24,3
R. Superior Temporal Gyrus 38,42 57,-15,0
L. Middle/Inferior Frontal Gyrus, Insula 9-11,13, 44-47 -39,23,17
s R. Inferior Frontal Gyrus, Insula 13, 44-47 39,25, -1
_ g L./R. Superior Frontal/Cingulate Gyrus 32,6,8,9 -3/3,19,49
i g L. Inferior Parietal Lobule 40 -26,—64, 44
® % Stroke L. Caudate -17,4,14
5 (Fig. 2b) L. Parahippocampal/Middle/Superior Temporal Gyrus 28,21,22,38 -42,-15,-13
R. Middle/Superior Temporal Gyrus 21,22,38,42 46, -8, -9
L./R. Superior Frontal Gyrus 6 -3/3,23,38
L. Middle/Inferior Frontal Gyrus 9,44,45,46 -41,22, 21
R. Inferior Frontal Gyrus 47 32,24,-2
Healthy L. Cerebellum -20,-59,-19
(Fig. 3a) R. Cerebellum 17,-60, 24
L./R. Lingual Gyrus, Cuneus, Precuneus 17-19,31 -8/8,-68,5
L./R. Cingulate Gyrus (posterior) 23,29,30 —6/6,—48, 11
R. Inferior Frontal Gyrus, Insula 45,46,47,13 34,23,0
. L. Middle/Inferior Frontal Gyrus, Insula 6,8-10, 44-47 -39,25,22
.% L. Middle/Superior Frontal Gyrus 8,9,10 -17,52,27
é L./R. Superior Frontal/Cingulate Gyrus 6,8,9,24,32 -6/6,21,40
§ % L. Middle/Inferior Temporal Gyrus 21,37 —48,-39,-2
& § L. Angular/Supramarginal Gyrus, Inferior Parietal Lobule 39, 40 -34,-51,39
= L. Precuneus 7 -9,-62,50
§ L./R. Caudate -11/11,9,9
- L./R. Thalamus -7/7,-18,9
L. Occipital Gyrus 18,19 -37,-71,-7
R. Occipital Gyrus 18,19 32,-75,-9
Stroke L. Middle Temporal Gyrus 21 —46,-35, 1
(Fig. 3a) L./R. Superior Frontal/Cingulate Gyrus 6,24,32 —5/5,-12/4,48
L. Middle Frontal Gyrus 9 -28,-3,50

intra-scanner overt responses and subsequent evaluation of
the responses. Since verbal fluency is impaired in patients
with post-stroke aphasia, it is difficult to determine the un-
derlying neural correlates of verb generation without hav-
ing a direct measure of performance.

Assessment of intra-scanner recordings during ER-VGT
overt verb generation revealed that stroke patients, on av-
erage, correctly generated only 3.8 verbs over the 15 overt
verb generation trials. Stroke subjects had performed well

above chance on the BD-VGT postfMRI test of noun rec-
ognition (85.9% accuracy), illustrating that post-scan rec-
ognition memory is not an accurate measure of actual verb
generation ability. The ER-VGT was also designed to isolate
different language components involved in verb generation
that could not be studied with covert verb generation tasks
including processing related to noun-verb semantic associa-
tions, response articulation and auditory processing. While
we acknowledge that verb generation is a complex language
domain comprised of numerous linguistic processes (see
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Table 3 continued. Activation foci (centroid Talairach coordinates) and Brodmann’s Areas (BAs) for the activated brain regions for the group z-score

maps shown in Figures 2 and 3.

Group Regions BAs XY 17
Healthy L. Cerebellum -16,-57,-16
(Fig. 30) R. Cerebellum 12,-61,-20
L./R. Cuneus, Lingual Gyrus 30,17-19 -11/6,-61,7
L. Insula, Inferior Frontal Gyrus 13, 45,47 -36,19,3
R. Insula, Inferior Frontal Gyrus 13,45,47 43,14,2
L./R. Superior Frontal/Cingulate Gyrus 6,24,32 -6/6,12,46
L. Superior Temporal Gyrus, Inferior Parietal Lobule 22,42,40 —43,-23,9
R. Superior Temporal Gyrus 22,42 46,-17,7
g L./R. Precentral Gyrus, Insula 6,13 —49/49,-3, 28
g L. Caudate 13,-4,15
5 R. Caudate 13,-3, 14
22 L. Thalamus ~12,-13,9
mé R. Thalamus 11,-10,6
§ Stroke L. Cerebellum -10,-48,-11
g (Fig. 3b) R. Cerebellum 10,-43,-14
L. Lingual Gyrus, Cingulate Gyrus (posterior) 18,23, 29-31 -5,-57,8
R. Insula, Inferior Frontal Gyrus 13, 45,47 43,12,2
L./R. Superior Frontal/Cingulate Gyrus 6,24,32 -3/4,8,41
R. Superior Temporal Gyrus 22,42,40 49,-19,12
R. Thalamus 10,-13,5
L. Precentral Gyrus 6 —44,-8,28
R. Precentral Gyrus, Insula 6,13 42,-10,42
R. Paracentral Lobule 57 15,-25, 55

[42] for a detailed model of verb generation), the focus for
this particular study is the differentiation of these two gen-
eral components of verb generation. Together with the abil-
ity to directly assess performance during the task, we were
able to examine the relationship between verb generation
performance and fMRI task activation related to process-
ing noun-verb semantic associations versus activation relat-
ed to articulation and auditory processing.

Patterns of fMRI activation and language lateralization

Several studies of post-stroke aphasia have examined corti-
cal correlates of language recovery, with the observed pat-
terns of hemispheric involvement related, at least in part, to
the task (or task design). There appears to be a division in
the literature with some studies favoring righthemispher-
ic homologues as the main vehicle for language recovery
[12,52-54], while an increasing number of studies point to
the intact or recovered left hemispheric areas as the pre-
requisite to successful aphasia recovery [17-21,56-62]. In
this study, the BD-VGT analysis revealed a shift of the lan-
guage activation to the right temporal regions indicating

leftward lateralization with a corresponding decrease in av-
erage LI scores in the anatomically-defined posterior ROI
when compared to HC subjects (Figure 2B; Table 4). But,
the stroke subjects maintained predominantly left-hemi-
spheric IFG/MFG activation, which is reflected by the left-
lateralized LI scores and a similar pattern of lateralization
as HC in the frontal ROL These findings are consistent with
our previous reports of post-stroke recovery in both chil-
dren [11,12] and adults [28] utilizing this fMRI task and il-
lustrate the efficiency and consistency of this task in delin-
eating language areas in healthy children and adults and in
stroke subjects with aphasia. However, while the results of
language evaluation with the BD-VGT in HC and stroke pa-
tients confirmed that our subjects have activation patterns
typical for this task, based on these results we were unable
to infer whether the observed patterns are related to lan-
guage performance or recovery, or whether there are oth-
er factors affecting the observed pattern (e.g., the covert
nature of this task).

Therefore, the ability of the ER-VGT to isolate different com-
ponents involved in verb generation provided the needed
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Table 4. Lateralization index scores and lateralization for the frontal and posterior anatomically-defined regions of interest for the 32 healthy and 16

LMCA stroke subjects performing the verb generation tasks.

ER-VGT

Covert VE?b‘:iGeLeration Processing Seﬂ‘a‘::;rc Associations Articula;irzrc\easlsli(:‘:uditory
Healthy Stroke Healthy Stroke Healthy Stroke
LI scores 0.41 (0.30) 0.24 (0.38) 0.30 (0.24)* 0.04 (0.19)* 0.03 (0.19) -0.05 (0.18)

= Lateralization**
E Left 26 (81.25) 10 (62.5) (78.13) 3 (18.75) 9 (28.12) 4 (25.0)
£ Right 0 (0 3 (18.75) (6.25) 3 (18.75) 8 (25.0) 7 (43.75)
Symmetric 6 (18.75) 3 (18.75) (15.62) 10 (62.5) 15 (46.88) 5 (31.25)
Ll scores 0.28 (0.34)*  —0.08 (0.40)* 0.14 (0.27) 0.06 (0.19) 0.01 (0.16) -0.04 (0.16)

S lateralization***
g Left 25 (78.13) 6 (37.5) (50.0) 7 (43.75) 1 (3438) 3 (18.75)
E Right 1 (312 6 (37.5) (15.62) 4 (25.0) 7 (21.87) 6 (37.5)
Symmetric 6 (18.75) 4 (25.0) (34.38) 5 (31.25 14 (43.75) 7 (43.75)

Data are reported as mean (SD) for lateralization index (LI) scores and as frequency (percentages) for lateralization. Lateralization was determined
separately for the frontal and posterior regions of interest (ROIs) with LI >0.1 as left-lateralized, LI <—0.1 as right-lateralized and —0.1< LI <0.1 as
symmetric. * Significant difference between healthy and stroke subject LI scores (p<0.05); ** Pattern of lateralization for frontal ROl is significantly
different between healthy and stroke subjects for ER-VGT processing of noun-verb semantic associations (p=0.00015); *** Pattern of lateralization
for posterior ROl is significantly different between healthy and stroke subjects for BD-VGT covert verb generation (p=0.0028).

clarification regarding the activation patterns observed in
the BD-VGT. The ER-VGT analysis isolating articulation and
auditory processing in stroke subjects showed predominant-
ly right hemispheric activation, e.g., in the right STG, insu-
la and thalamus, and in the right>left motor cortex (Figure
3B, lower panel) which is similar to the BD-VGT activation
pattern (Figure 2B, lower panel). This finding of increased
activation in the right hemisphere is not surprising as the
anterior insular cortex has been shown to be involved in artic-
ulation and the motor planning of speech [42,63-65]; stud-
ies of post-stroke motor function recovery have shown similar
pattern of rightward shifts [66]. Consistent with the signifi-
cant group difference in the mean posterior LI on the BD-
VGT (Table 4), we also observed a trend towards a significant
decrease in mean LI for the posterior ROl 'in stroke subjects
compared to HCs for the ER-VGT articulation/auditory pro-
cessing contrast ($=0.052), with the more negative mean LI
suggesting atypical right-lateralized activation in stroke sub-
jects. Additionally, the proportion of rightlateralized sub-
jects was higher for stroke than HC for both the BD-VGT
contrast (37.5% wvs. 3.12%, respectively) and the ER-VGT ar-
ticulation/auditory processing contrast (43.75% vs. 15.63%,
respectively). These results suggest that the increased right-
lateralized activation of the STG in stroke for the BD-VGT
reflects, at least in part, atypical processing of task stimuli.

Relationships between activation and intra-scanner
performance

We hypothesized that in poststroke aphasia correct verb
generation performance is associated with preserved left-
hemispheric language functions. The results of our ROI
analyses support this hypothesis in that the intra-scanner

performance on the ER-VGT exhibited a positive correlation
with fMRI activation in the left MFG (Figure 3A) despite the
fact that an increased number of stroke subjects was more
symmetric in their frontal ROI activation when compared
with HC (Table 4). This supports the findings from previous
studies that while left hemispheric language and their right
hemispheric homologues are activated with fMRI tasks in
patients with post-stroke aphasia, the left hemispheric lan-
guage areas are crucial for better language performance in
these patients [16,17,20,21,62]. However, this positive asso-
ciation between performance and left MFG activation was
not observed in HC despite clear similarities in activation
patterns between groups (Figure 3A). Instead, HC showed
positive association between performance and left MTG ac-
tivation (also overlapping between groups) suggesting reor-
ganization in the recruitment of left hemisphere language
regions for improved performance in post-stroke patients.
Further, we also observed a strong positive association in
stroke subjects that did not exist in HC between verb gen-
eration performance and activation in the medially located
SFG/CG. This indicates that better semantic processing in
stroke patients may also depend on increased involvement
of the attentional network as a part of the “task mode” for
cognitive neuroimaging tasks [67].

Our ROI analyses showed no significant associations between
ER-VGT verb generation performance and activation relat-
ed to articulation and auditory processing in the right insu-
la/IFG and right STG (Figure 3B) in either group, which is
consistent with a previous study showing that better language
function is not always associated with increased activation
in the non-dominant right hemisphere [16]. However, the
ER-VGT analysis isolating noun-verb semantic associations
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A
2=-25 =13 I=- =411 =3 2=435
Healthy
Stroke
g z-score 20
=125 =13 7=-1 =411 =423 =435
B
Healthy
Stroke
9 z-score 20

Figure 3. Group z-score maps for the event-related
7=+47 version of the verb generation task (ER-
VGT). Brain regions show increased
activation related to (A) processing
noun-verb semantic associations and

(B) articulation and auditory processing
in healthy (top panel) and LMCA stroke
(bottom panel) subjects. Clusters of
activation are significant at p<0.05,
corrected for multiple voxel comparisons,
with z-scores of activated voxels ranging
from 9 (blue) to 20 (red) and a cluster
threshold of at least 30 contiguous
voxels. Each z-score map is presented

in radiological convention, with left on
the picture corresponding to the right
hemisphere, and are superimposed on an
average T1-weighted image generated
from all subjects of each group. The 7
axial slices selected for each display
panel range in Talairach coordinates from
z=-25 mm (left) to z=+47 mm (right).

showed a significant decrease in average LI scores for stroke
compared to HC in the frontal anatomical ROI and a sig-
nificant group difference in the pattern of lateralization in
which stroke patients were more than twice as likely as HC
to have either symmetric or right hemispheric distribution
of the task-related activation (Table 4). This leaves open the
possibility that some rightward shifts in activation in apha-
sia may also be partly due to compensatory mechanisms re-
lated to semantic processing, but that better performance
is still dependent on preservation of the left hemispher-
ic participation in language processing as documented by
the positive correlation between left MFG activation and
verb generation performance in patients with aphasia. To
our knowledge, this is the first study to illustrate separate
aspects of reorganization in verbal fluency with stroke pa-
tients by dissociating activation related to speech articula-
tion and auditory processing from activation related to the
semantic processing of noun-verb associations.

Associations between lesion size and performance

The significant negative associations between LMCA stroke
lesion volumes and verbal fluency performance (e.g., on
the Semantic Fluency Test and Controlled Oral Word
Association Test) suggest that lesion size may be a limiting
factor in the ability for the affected dominant language re-
gions to recover post-stroke language functions and are in
agreement with at least one previous study [18]. While the
extra-scanner linguistic measures showed clear stroke vol-
ume/performance correlation, such relationship between
the intra-scanner performance and lesion size was not ob-
served. This possibly reflects the relatively small sample
size in our study. Overall, these findings suggest that post-
stroke cortical language plasticity may be related in part to
several and potentially age-dependent mechanisms [6]. In
contrast to the recovery after perinatal and early postnatal

LMCA stroke and unmasking of the pre-existing pathways
in the non-dominant homologues [11,12], improvements
in adult-acquired aphasia may be dependent on the pres-
ervation or recovery of the left cortical language-produc-
ing regions [17-20,68,69] although, as we have illustrated
in this study, the left hemisphere brain regions actually en-
gaged to achieve better task performance in stroke patients
are different from those utilized in HC.

Study limitations

A limitation of the current study is the moderate sample
size of stroke subjects, which may have affected our abili-
ty to detect significant group differences. For example, the
non-significant trends that were observed in some of our re-
sults may likely be resolved in a larger study. However, this
limitation is moderated somewhat in that we showed signif-
icant task-related activation in stroke subjects for the ER-
VGT as well as significant correlations between activation
related to semantic processing and verb generation perfor-
mance. It is believed that the small to moderate sample siz-
es used in neuroimaging studies contribute to false positive
findings [70], so these results should be interpreted with
caution until they are replicated in a larger sample and be-
fore firm conclusions can be made.

CONCLUSIONS

We demonstrated the ability of the ER-VGT to isolate differ-
ent components of verb generation and its ability to track
intra-scanner performance in stroke subjects with aphasia.
The ability to track intra-scanner performance allowed us
to show that the increases in right hemisphere activation
during language-related processing are not necessarily re-
lated to better language function. Instead, better verb gen-
eration performance is dependent upon the viability of the
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left hemispheric peristroke language areas when processing
noun-verb semantic associations. We also demonstrated that
preservation of the language-dominant left hemisphic brain
regions, specifically the left MFG, is important for commu-
nicative abilities in post-stroke aphasia. However, the left
hemispheric brain regions associated with better verb gen-
eration performance in stroke patients were not the same
as in HC, suggesting an inter-hemispheric reorganization
of language function. Since lesion size was negatively corre-
lated with verbal fluency, a right-hemispheric shift is likely
related to post-stroke plasticity to compensate for the dam-
aged brain regions expressed mainly in the changes of local-
ization for the motor speech functions. Therefore, we pos-
it that verbal fluency in post-stroke aphasia depends upon
the structural and functional preservation of the dominant
left-hemispheric language regions more so than on the in-
creased utilization of the unaffected right hemisphere.
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