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Abstract

Purpose—Several adult studies have documented the importance of the peri-stroke areas to
aphasia recovery. But, studies examining the differences in patterns of cortical participation in
language comprehension in patients who have (LMCA-R) or have not recovered (LMCA-NR)
from left middle cerebral artery infarction have not been performed up to date.

Methods—In this study, we compare cortical correlates of language comprehension using fMRI
and semantic decision/tone decision task in 9 LMCA-R and 18 LMCA-NR patients matched at the
time of stroke for age and handedness. We examine the cortical correlates of language
performance by correlating intra- and extra-scanner measures of linguistic performance with fMRI
activation and stroke volumes.

Results—Our analyses show that LMCA-R at least 1 year after stroke show a return to typical
fMRI language activation patterns and that there is a compensatory reorganization of language
function in LMCA-NR patients with shifts to the right hemispheric brain regions. Further, with
increasing strength of the left-hemispheric fMRI signal shift there are associated improvements in
performance as tested with standardized linguistic measures. A negative correlation between the
size of the stroke and performance on some of the linguistic tests is also observed.

Conclusions—This right-hemispheric shift as a mechanism of post-stroke recovery in adults
appears to be an ineffective mode of language function recovery with increasing right-hemispheric
shift associated with lower language performance. Thus, normalization of the post-stroke language
activation patterns is needed for better language performance while shifts of the activation patterns
to the non-dominant (right) hemisphere and/or large stroke size are associated with decreased
linguistic abilities after stroke.

Contact Information (Corresponding Author): Jerzy P. Szaflarski, MD, PhD, University of Alabama at Birmingham, 1719 6t Avenue
South, CIRC 312, Birmingham, AL, USA, Phone: 205.934.3866, Fax: 205.975.6255, szaflaj@uab.edu.
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1. INTRODUCTION

Overall, approximately 30% of patients with stroke suffer from various types of aphasia
with this deficit most common in stroke with left middle cerebral artery (LMCA) territory
damage. Some of the affected patients recover to a certain degree in the months and years
following the stroke. The recovery process is modulated by several factors including type,
intensity and timing of the intervention, context in which the recovery occurs and/or the
severity of the initial presentation. These factors have been investigated in numerous studies
from various laboratories.(e.qg., (Berthier and Pulvermuller, 2011; Kertesz and McCabe,
1977; Robey, 1998; Hart, 2010)) While the relative impact of these modulators on post-
stroke aphasia recovery is mostly known, the degree of the contribution of brain areas
unaffected by stroke to the recovery process is less clear. There is a lack of consensus in
regards to the relative contributions of the dominant vs. non-dominant hemispheres to the
recovery process.(e.g., (Anderson et al., 2011a)) The proposed mechanisms of post-stroke
recovery include repair of damaged networks (sprouting), activation of compensatory areas
(redundancy), or activation of previously functionally inactive pathways (unmasking).(Lee
and van Donkelaar, 1995) The first two mechanisms may be expressed as a recovery of the
peri-stroke areas or shift of functions within the language-dominant brain regions
surrounding the stroke to compensate for damage to the dominant left-hemispheric language
circuitry.(e.g., (Cao et al., 1999; Saur et al., 2006; Szaflarski et al., 2011a)) Compensation
via the last mechanism may occur by shifting language functions to the brain regions in the
other (non-dominant) hemisphere after damage to the dominant left-hemispheric language
structures.(Abo et al., 2004; Tillema et al., 2008) However, this last mode of compensation
may not be as efficient, at least in older subjects, as the intra-hemispheric shifts or recovery
of the peri-stroke areas.(Raja Beharelle et al., 2010; Richter et al., 2008; Rosen et al., 2000;
Saur et al., 2006; van Oers et al., 2010; Weiller et al., 1995) Based on the available data a
hierarchical model of post-stroke aphasia recovery was recently developed. This model
posits that post-stroke aphasia recovery and the relative contributions of the dominant and
non-dominant hemispheres are dependent, in part, on the size of the lesion.(Hamilton et al.,
2011; Heiss and Thiel, 2006)

There may be many reasons for the observed between-studies differences in the localization
and lateralization of the aphasia recovery correlates. These may include timing of the
assessment in regards to the incident stroke (acute vs. subacute vs. chronic) (Kertesz and
McCabe, 1977; Saur et al., 2006), size of the lesion (Allendorfer et al., 2012a; Raja
Beharelle et al., 2010), age of stroke onset (prenatal vs. postnatal; young vs. old) (Jacola et
al., 2006; Kennard, 1942; Knoflach et al., 2012; Tillema et al., 2008), type of the language
neuroimaging paradigm used (e.g., event related vs. block design)(Allendorfer et al., 2012a)
and pre-stroke handedness.(Borod et al., 1985) The above and other factors including co-
morbidities like hypertension, seizures/epilepsy or diabetes need to be taken into account
when assessing post-stroke functional recovery.(Lazar et al., 2008; Nichols-Larsen et al.,
2005)

Modern neuroimaging techniques (e.g., fMRI and/or DTI, PET/fMRI, SPECT, MEG) are

frequently used for the assessment of the remaining language functions, of the longitudinal
changes associated with post-stroke recovery, or for the assessment of changes in language
function localization from before to after the intervention.(Allendorfer et al., 2012b; Breier
et al., 2007; Eliassen et al., 2008; Jodzio et al., 2003; Richter et al., 2008; Saur et al., 2006;

Restor Neurol Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szaflarski et al.

Page 3

Szaflarski et al., 2011b; van Oers et al., 2010; Weiller et al., 1995) Post-stroke aphasia
neuroimaging studies frequently focus on the localization of language functions after stroke
in patients with chronic aphasia who continue to have substantially unrecovered deficits or
on the correlates of language recovery (Anderson et al., 2011b; Elkana et al., 2011a; Elkana
et al., 2011b; Fridriksson et al., 2012; Raja Beharelle et al., 2010), while studies specifically
comparing patients with good vs. poor recovery of language functions (i.e., patients who
were able to return to the pre-stroke language abilities vs. patients whose language functions
continue to be partially or completely impaired) or studies evaluating post-stroke language
localization in completely recovered subjects are scarce.(Abo et al., 2004) In contrast to the
paucity of studies focusing on subjects who recovered from adult stroke, several studies
addressing this issue in children who recovered from perinatal or early postnatal stroke have
been conducted.(e.g., (Fair et al., 2010; Jacola et al., 2006; Raja Beharelle et al., 2010;
Staudt et al., 2001; Tillema et al., 2008))

It is imperative for us to understand the differences that underlie good vs. poor post-stroke
aphasia recovery so that studies developing behavioral (e.g., intonation therapy or
constraint-induced aphasia therapy) or non-invasive interventions (e.g., rTMS or tDCS) can
target the brain areas relatively important for good recovery.(Baker et al., 2010; Chrysikou
and Hamilton, 2011; Richter et al., 2008; Szaflarski et al., 2008a; Szaflarski et al., 2011b;
Vines et al., 2011) Of particular interest is how damage to the adult brain may mediate the
trajectories of post-stroke aphasia recovery. Thus, the goal of the current study was to
investigated the differences in clinical characteristics, basic patterns of aphasia testing
performance, extent of damage to anatomical structures and fMRI language activation
patterns between chronic LMCA stroke subjects (=1 year post-stroke) who were classified
as having normal (recovered) vs. aphasic language abilities. We hypothesized that while the
clinical characteristics of these cohorts may be similar, patients with good recovery would
have different language activation patterns with possibly more left-hemispheric (dominant)
involvement in language production when compared to the non-recovered group akin to
studies in post-stroke motor recovery.(Ward et al., 2003)

2. MATERIAL AND METHODS

2.1 Subjects

As part of studies evaluating post-stroke aphasia recovery, 27 right-handed adults who
suffered from LMCA stroke at least one year prior to study enrollment were recruited from
the Greater Cincinnati, Ohio community (Table 1). Subjects were categorized into two
groups based on their Token Test performance: 9 subjects (4 female) scored >41 which is in
the normal range (LMCA-R), while 18 subjects (8 female) scored <40 which was considered
aphasic (LMCA-NR).(De Renzi and Vignolo, 1962) All subjects had no contraindications to
undergoing an MRI at 3T. Pre-stroke handedness was determined by the Edinburgh
Handedness Inventory (EHI) with a score =50 indicating right-handedness.(Oldfield, 1971)
History of hypertension, diabetes mellitus, high cholesterol, coronary artery disease,
myocardial infarction and atrial fibrillation were also documented. SAS, version 9.3
(Statistical Analysis System, SAS Institute, Cary, NC) was used to perform independent
sample t-tests (two-tailed) and Fisher’s Exact Test to characterize group differences in
demographic and clinical variables, respectively. This study was approved by the University
of Cincinnati Institutional Review Board, and all subjects provided written informed consent
before participating in the study.

2.2 Language testing

A battery of language assessments was administered to all subjects prior to MRI. These
included the Boston Naming Test, Second edition (BNT) (Kaplan et al., 1983) to assess
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semantic retrieval and word-finding abilities, the Semantic Fluency Test (SFT) (Kozora and
Cullum, 1995; Lezak, 1995) and Controlled Oral Word Association Test (COWAT) (Lezak,
1995) to assess verbal fluency (i.e., generate words for a given category and letter,
respectively, in one minute), the Peabody Picture Vocabulary Test, Fourth edition (PPVT)
(Dunn and Dunn, 1997) to test vocabulary, and the Complex Ideation subtest of the Boston
Diagnostic Aphasia Examination (BDAE) (Goodglass and Kaplan, 1972) to test
comprehension and ability to recall information related to 12 items that the examiner
presents orally (i.e., answer yes/no and short story questions). Independent samples £tests
(two-tailed) were performed to characterize language function differences between LMCA-
R and LMCA-NR groups.

2.3 Semantic decision/tone decision task

The semantic decision/tone decision (SD/TD) task used in this study as the fMRI language
paradigm was adapted from Binder et al. (1996) and programmed using DirectRT (Version
2008; Empirisoft, www.empirisoft.com).(Binder et al., 1996) A detailed description of the
SD/TD task is provided in our recent publications.(e.g., (Donnelly et al., 2011; Kim et al.,
2011; Szaflarski and Allendorfer, 2012)) Briefly, subjects heard a series of tone sequences
(six 30-second TD control blocks) or a series of animal names (five 30-second SD test
blocks) and were instructed to make a 2-choice decision based on properties of the stimuli
using a response box held in their left hand. Since the events that occur during the TD
control and SD test blocks are operationally similar, contrasting these two conditions allows
us to investigate brain activation related to semantic processing. Subjects were presented
first with a TD control block, followed by alternating SD and TD blocks. Two runs of the
SD/TD task were performed during fMRI. As later described, data from the first TD block
were not included in analysis and the remaining five TD and five SD blocks of each run
were statistically modeled. Performance on the TD and SD blocks was determined using the
proportion of correct responses over the two runs. We have previously shown excellent
repeatability of this task in identifying cortical language areas in healthy controls and
patients with ischemic LMCA stroke confirming the suitability of this task for mapping of
language functions as intended in this study.(Eaton et al., 2008)

The SD/TD fMRI task is known to activate several modules and subnets involved in
semantic decision.(Kim et al., 2011) Overall, the auditorily presented information (i.e., the
name of an animal) is first encoded to generate a new mental image and stored as such
(verbal encoding and mental imagery module) — a process that involves integration of
interactions between cuneus, lingual gyrus and hippocampal/parahippocampal structures.
Next, the semantic decision module is activated with involvement of reasoning, semantic
memory retrieval and later the semantic decision itself, processes which all involve inferior
frontal gyri, posterior cingulate and amygdala/hippocampus. Finally, the process of language
comprehension, syntactic processing, and speech production are activated (left fronto-
temporo-parietal node). Maintaining a high level of attention is necessary for this entire
process to occur — thus, activation in the anterior cingulate area is frequently observed with
his fMRI task.(Kim et al., 2011; Szaflarski et al., 2008b)

2.4 Magnetic resonance imaging

Neuroimaging was performed at the Imaging Research Center at Cincinnati Children’s
Hospital Medical Center using an 8-channel phased array head coil on a Phillips 3T MRI
system. Subjects laid supine on the scanner bed, were fitted with non-ferromagnetic
headphones (Avotec, Inc.) for auditory stimuli presentation, and given a button box in their
left hand to record responses. After subjects were positioned in the scanner, pre-scan
procedures (radio frequency coil calibration and shimming) were performed. Then, a high-
resolution T1-weighted anatomical MRI (repetition time 8.1 msec, echo time 3.7 msec, field
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of view 25.0 cm x 21.1 cm x 18.0 cm, matrix 252 x 211, flip angle 8°, slice thickness 1 mm)
was acquired to localize brain activation maps, followed by a multi-echo reference scan
acquired to correct for high-field geometric distortions and ghosting artifacts.(Schmithorst et
al., 2001) A gradient-echo echo planar imaging sequence (repetition time 2000 msec, echo
time 38 msec, field of view 24.0 cm x 24.0 cm, matrix 64 x 64, 32 axial slices, slice
thickness 4 mm) was used to acquire T2*-weighted fMRI while subjects performed two runs
of the SD/TD task (165 scans and duration of 5 min 30 sec per run).

2.5 MRI data analysis

As in our previous studies, we used in-house software (Cincinnati Children’s Hospital Image
Processing Software; https://irc.cchmc.org/software/cchips.php) programmed in Interactive
Data Language (www.ittvis.com) to reconstruct scanner images, applying the multi-echo
reference scan to correct for ghosting and geometric signal distortions.(Schmithorst et al.,
2001; Szaflarski et al., 2012; Szaflarski et al., 2004) The MRI/fMRI data were then
processed, analyzed and visualized using AFNI (http://afni.nimh.nih.gov).(Cox, 1996)

Each subject’s stroke lesion was manually traced on his or her anatomical MRI in native
space by a trained neuro-anatomist (Fig. 1). The residual volume (cm3) of each subject’s
stroke lesion was calculated using the number of voxels within the lesion. We examined the
relationship between lesion size and intra- and extra-scanner language performance using
Pearson’s correlation coefficient. Some analysis software programs including AFNI require
a brain extraction step in which the algorithm uses signal intensity to identify cortical edges
of the brain and remove the skull from the image before spatial normalization. However,
low signal intensity within a stroke lesion can result in the removal of not only the lesion
area but also surrounding areas after this brain extraction step. This, in turn, may result in an
inadequate spatial normalization of the anatomical scan (Fig. 1A). One strategy to address
this issue is the use of lesion masks to aid in the process of spatial normalization.(Meinzer et
al., 2012) Therefore, we applied individual lesion masks to the anatomical MRIs prior to
performing the brain extraction algorithm, followed by spatial normalization into Talairach
space (Talairach and Tournoux, 1988) using the ICBM452 brain template
(www.loni.ucla.edu) in AFNI (Fig. 1B). The transformation matrix from the spatial
normalization step was also applied to the lesion mask and used to create a map of lesion
overlap between the subjects in each of the two groups (Fig. 2). Visual inspection of the
images and lesion masks in Talairach space was performed by the same neuro-anatomist to
confirm the correctness of the transformation.

Processing of fMRI data involved removal the first TD control block (15 scans) of each run
to allow for MR signal equilibration, followed by co-registration of the anatomical MRI
image and the first image of the first SD/TD fMRI run. An image co-registration algorithm
was then used to correct for subject head movements and to align all other fMRI images
from both runs to the first fMRI image of the first run.(Cox and Jesmanowicz, 1999) The
transformation matrix used to normalize the anatomical MRI was applied to convert the
functional images into Talairach space, followed by resampling of functional images to a 4 x
4 x 4 mm3 voxel resolution and application of a 6 mm Gaussian smoothing kernel. A binary
mask was created to remove extraneous signal outside of the brain. For each subject, their
spatially normalized lesion mask was resampled to the resolution of the functional images
and used to exclude signal within the stroke lesion from statistical analyses.

2.6 MRI statistical analysis

For each participant, each block type (TD and SD) was modeled as a 30-second block
function using the 3dDeconvolve program in AFNI. Motion-correction parameters were
used as covariates in single-subject analysis to account for subject head motion and reduce
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motion-related signal artifacts in fMRI results.(Evans et al., 2010) Linear, quadratic and
cubic polynomials were fit to each of the two runs to account for low-frequency signal drift.
A general linear model (GLM) approach (Worsley and Friston, 1995) was used to determine
the difference in activation between SD and TD blocks for each subject and estimate brain
activation related to semantic processing. For group-level analyses, a one-sample t-test of
the GLM results was performed for each LMCA group to determine the overall patterns of
activation during SD/TD. A two-sample t-test assessed differences in activation between
groups on the SD/TD task. Activation clusters on group maps were considered significant at
a corrected p<0.05 (voxelwise threshold of p<0.05 and a cluster threshold of at least 65
contiguous voxels in which the faces of neighboring voxels must touch) as determined by
Monte Carlo simulation in AFNI. Given evidence that BOLD fMRI signal to noise is
reduced in individuals who are aged or diseased (D’Esposito et al., 2003) we employed a
less stringent voxelwise threshold in our analyses.

2.7 Relating task activation with language performance

We performed Pearson’s correlation analysis to investigate the relationship between
language-related activation differences between groups and language performance, with
p<0.05 considered significant. Clusters that showed significant between-group differences
were defined as regions of interest (ROIs). For each ROI, the average t-score was extracted
from each subject’s GLM map and used in correlation analysis with language assessments
scores (BDAE, BNT, SFT, COWAT, and PPVT) and SD accuracy.

3. RESULTS

3.1 Demographics and language performance

Table 1 provides a summary of the demographic and performance variables. LMCA-R and
LMCA-NR were similar in mean age (52 vs. 56, p=0.46), pre-stroke EHI (83 vs. 96, p=0.1),
the proportion of males and females (both 44.4% female) and age at time of stroke (50 vs.
51, p=0.84). There were no differences between groups in their incidence of comorbid
conditions (all p>0.5), with the exception of a greater number of LMCA-NR with a history
of high cholesterol (p=0.04). Additionally, we found that the overall health of the two
groups with regards to their comorbidity load (i.e., the average number of clinical
comorbidities per subject in each group) was not significantly different (p=0.78). As
expected, LMCA-NR showed decreased accuracy on SD blocks (p=0.036) and poorer
performance on the BNT, SFT, COWAT and BDAE (all p<0.01) when compared with
LMCA-R. Further, the performance accuracy of the LMCA-R subjects on the SD portion of
the SDTD task was similar to healthy controls as assessed in previous studies utilizing this
fMRI task.(Donnelly et al., 2011; Kim et al., 2011; Szaflarski and Allendorfer, 2012) There
were no significant differences between groups on accuracy on the TD blocks (p=0.1) or on
PPVT performance (p=0.27). [0] These results indicate that the LMCA-NR patients have
overall more severe expressive/word-finding than receptive deficits when compared to the
LMCA-R patients. Stroke volumes were different between groups (p<0.001) with median
(range) for recovered of 9.2 (2.2-26.5) cm?3 and for not recovered of 74.0 (5.1-206.0) cm?3
(Fig. 2). Finally, we did not observe an effect of age at stroke on post-stroke language
performance (all measures |r|<0.31; p=0.11).

3.2 Whole-brain analysis of fMRI activation

SD/TD task activation patterns were similar for LMCA-R (Fig. 3A) and LMCA-NR (Fig.
3B) with increased left hemisphere recruitment of the inferior/middle frontal gyrus, superior
frontal gyrus, and inferior parietal lobule/supramarginal gyrus during semantic decision
compared to tone decision (orange clusters) and increased bilateral (right>left) activation in
temporal auditory processing regions during tone decision compared to semantic decision

Restor Neurol Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szaflarski et al.

Page 7

(blue clusters). LMCA-R showed additional activation related to semantic processing in the
right cerebellar hemisphere, while LMCA-NR showed increased activation for semantic
decision bilaterally in posterior cingulate and posterior parietal regions.

Direct group comparison of semantic decision portion of the SD/TD task related activation
revealed significant differences in recruitment of four brain regions (Fig. 3C, 1-4). When
compared to LMCA-NR, LMCA-R showed greater increases in activation in the bilateral
(right>left) cerebellar tonsil (84 voxels, centroid at 3, =50, —41), left superior parietal lobule
(84 voxels, centroid at —32, —68, 49) and the left superior frontal gyrus (67 voxels, centroid
at —17, 20, 62), and greater decreases in activation in the right superior temporal gyrus (254
voxels, centroid at 47, =53, 11).

3.3 Relating lesion size and task activation with language performance

We examined the relationship between lesion size and language performance using
Pearson’s correlation coefficient. Lesion size showed negative associations with
performance on the BDAE (r=-0.56, p=0.003), the SFT (r=-0.51, p=0.007), the COWAT
(r=—0.50, p=0.009), and the BNT (r=—0.38, p=0.05). Lesion size was not significantly
correlated with PPVT performance (r=-0.22, p=0.28) or SD accuracy (r=—0.21, p=0.28).
After applying Bonferroni correction for 6 correlations (lesion size x 6 performance
variables) alpha was set at p<0.0083; the correlations with BDAE and SFT remained
significant. Finally, the relationships between lesion location and linguistic performance
were not assessed due to substantial lesion variability and a relatively small group sizes but
the group lesion distribution patterns appeared to be similar based on visual comparison
(Fig. 2). But, it is clear that the activations associated with recovery noted in Fig. 3C, when
superimposed on lesion analysis from Fig. 2, show an overlap with the lesion distribution
from the LMCA-NR in only 1-2 subjects while there is overlap between the activations and
lesion location in only 1 LCMA-R patient. Since the activation-lesion overlap exists in only
small minority of patients it appears that lesion size plays a greater role in language
performance than lesion location.

Correlation analyses were also performed to investigate the relationship between language-
related activation on the semantic decision portion of the SD/TD task and language
performance. Comparing task activation between LMCA-R and LMCA-NR groups revealed
four regions that were differentially recruited, which were defined as ROIs (Fig. 3C, 1-4).
The average t-score was extracted from each single-subject GLM map for each ROI and
used in correlation analyses. Activation in the bilateral cerebellum (ROI 1) showed positive
associations with performance on the BNT (r=—0.41; p=0.03) and SFT (r=—0.51; p=0.006)
and positive trends with performance on the remaining language assessments and SD
accuracy (0.33<r<0.37; 0.05<p<0.09). BOLD signal changes observed in the right superior
temporal gyrus (ROI 2) showed negative associations with SFT, COWAT, BDAE and SD
performance (all r<-0.42; all p<0.05), and a negative trend with performance on the BNT
(r=-0.35; p=0.073) but not on the PPVT (r=-0.17; p=0.4). Task-related activation in the left
superior parietal lobule (ROI 3) showed significant positive associations with performance
on the BNT, SFT, COWAT, PPVT and BDAE (all r>0.39; all p<0.05), but not with SD
accuracy (r=0.21, p=0.29). Finally, activation in the left superior frontal gyrus showed
significant positive associations with all of the language assessments (all r>0.54; all
p<0.005) and with SD accuracy (r=0.40, p=0.036). After applying Bonferroni correction for
24 correlations (4 ROIs x 6 performance variables) alpha was set at p<0.0021, and the
following remained significant: associations between activation in the right superior
temporal gyrus (ROI 2) and COWAT performance (Fig. 3c2), and associations between
activation in the left superior frontal gyrus (ROI 4) and performance on the BDAE, BNT,
SFT, and PPVT (Fig. 3c4).
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4. DISCUSSION

This study focuses specifically on the cortical correlates of good vs. poor post-stroke
language recovery in a large sample of adults with LMCA stroke. While several studies have
previously documented the post-stroke language activation patterns, contrasts between
recovered and not-recovered patients have not been made. Contrasting these patients may
provide vital information regarding not only post-stroke recovery but also neuroimaging
characteristics predictive of better recovery and may help guide development of future
interventions. Thus, our analyses contrasting these patient cohorts show that LMCA-R
patients with normal or close to normal language functions at least 1 year after stroke show a
return to typical fMRI activation patterns when compared to the results of fMRI data
obtained in previous studies that included healthy controls and this language task.(Donnelly
etal., 2011; Kim et al., 2011; Szaflarski and Allendorfer, 2012) Second, we observe that
compensatory reorganization of language function in LMCA-NR patients and shifts to the
right hemispheric brain regions are a less effective mode of language function recovery.
This notion is further supported by the finding of an increasing association between the
strength of non-dominant BOLD signal shift and decreasing performance (Fig 3c2). Third,
the increasing strength of the observed left hemispheric fMRI signal increases is associated
with performance improvements as tested with standardized linguistic measures. Fourth,
performance on some of the linguistic tests is associated with stroke volume. Finally, there
is an association between cerebellar activation and linguistic performance. All these findings
require further discussion.

4.1 Left-hemispheric contributions to post-stroke aphasia recovery

Our findings of the more pronounced left hemispheric BOLD signal increases (frontal and
temporo-parietal) in patients who recovered when compared to those who have not
recovered are in agreement with results of other studies in which authors examined the
cortical correlates of post-stroke recovery.(e.g., (Raja Beharelle et al., 2010; Saur et al.,
2006; Saur et al., 2010; Szaflarski et al., 2011a)) Thus, the presented results support the
notion that following stroke in adulthood it is the left hemisphere that is necessary for
language function preservation/recovery rather than a shift to the non-dominant homologues
as observed in some of the previous studies in pediatric population with prenatal or early
post-natal stroke.(Jacola et al., 2006; Tillema et al., 2008) The distribution of the observed
activations in the left frontal and left temporo-parietal regions is similar to that of the
“Wernicke-Geschwind module” in healthy controls examined with this fMRI task.(Kim et
al., 2011) This is the most left-lateralized module of the language network as observed in the
healthy subjects with known bidirectional connections via white matter tracts.(Catani et al.,
2005) This node of the language network is postulated to be involved in language
comprehension, syntactic processing and speech production.(Kim et al., 2011) Thus, it is not
surprising to find correlations between activations in this module and performance on a
majority of the linguistic measures from our battery (semantic and verbal fluency,
vocabulary, and comprehension/recall; Fig. 3). Overall, our findings are in agreement with
previous studies which either evaluated the temporal correlates of post-stroke language
recovery (Saur et al., 2006), correlated behavioral measures with language outcomes
(Allendorfer et al., 2012a; Fridriksson et al., 2012; Heiss et al., 1999; Rosen et al., 2000; van
Oers et al., 2010), or assessed pre/post-intervention language activation distribution.
(Fridriksson et al., 2012; Richter et al., 2008; Szaflarski et al., 2011b) But, our findings are
different from the results of other studies of post-stroke aphasia in adults.(Abo et al., 2004;
Elkana et al., 2011b; Thulborn et al., 1999)

Thulborn et al., reported a subject (Case 2) who had fMRI before and after LMCA stroke
and improvement after therapy associated with increasing activation in the right temporal
area,(Thulborn et al., 1999) which is in contrast to our finding of declining language
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performance with increasing right temporal activation (Fig 3c2). Of note is that this subject
had left hemispheric childhood head trauma and subsequent epilepsy originating from the
left temporal area which both have likely contributed to more bilateral language distribution
as documented previously by Wada test or fMRI in patients with epilepsy and early injury.
(Rasmussen and Milner, 1977; Springer et al., 1999; Szaflarski et al., 2008b) Thus, the right-
hemispheric shift is consistent with the observed atypical language lateralization in patients
with relatively early onset of brain injury and epilepsy (Springer et al., 1999) and is not
necessarily in disagreement with our results. Another study that showed post-stroke
language recovery associated with right-hemispheric activation used an unmonitored fMRI
task.(Abo et al., 2004) While widespread right hemispheric activations were observed in 2
subjects multiple factors could’ve affected their results including thresholding and use of a
task with a prominent component of articulation (overt repetition of words) which is known
to prominently activate right more than left hemispheric regions in subjects recovering from
aphasia.(Abo et al., 2004; Allendorfer et al., 2012a) Finally, a small study by Elkana et al.,
tested language lateralization in 7 patients with relatively early (pre-teen and teenage)
LMCA stroke and found associations between the degree of recovery and increases in right
hemispheric activation.(Elkana et al., 2011b) In view of the results of the studies of post-
stroke recovery from pre/peri-natal stroke the partial shift to the right hemispheric regions
observed by Elkana et al. is not surprising as age may have an effect on post-stroke recovery
based on the “Kennard Principle”.(Kennard, 1942; Knoflach et al., 2012; Staudt et al., 2001;
Staudt et al., 2002; Staudt et al., 2008; Tillema et al., 2008)

4.2 Right-hemispheric contributions to post-stroke aphasia recovery

Right hemispheric activations are frequently considered an impediment to post-stroke
language recovery in adults. In fact, already the early fMRI studies of post-stroke language
recovery hinted that right-hemispheric shifts of activation in right-handed subjects might
contribute to the less efficient and only partial/incomplete recovery.(Cao et al., 1999; Rosen
et al., 2000) Recently, even studies in patients recovered from pre/peri-natal LMCA stroke
question the ability of the right hemisphere to take over all language functions.(Anderson et
al., 2011b; Raja Beharelle et al., 2010) This is despite data from children who received left
hemispherectomy for the management of epilepsy which showed clear shift of language
functions to the right hemisphere and decreases in the typically right-hemispheric functions
including visuo-spatial measures (Liegeois et al., 2008; Mariotti et al., 1998) and despite
previous data from pre/peri-natal LMCA stroke children with recovered language functions
and activations in the right hemisphere.(Jacola et al., 2006; Staudt et al., 2001; Staudt et al.,
2002; Tillema et al., 2008) Our findings of increasing deactivations (negative BOLD signal,
Fig. 3) in the right hemisphere with decreasing linguistic performance confirm the results of
these studies and suggest that with damage to the adult brain, switching to the right
hemisphere may not be the most efficacious way for the brain to deal with the post-stroke
recovery of language functions. While the right hemisphere has been shown in healthy
controls to be important for improved linguistic performance (Donnelly et al., 2011; Just et
al., 1996) and is known to be important for more automatic language functions,(Code, 1997;
Searleman, 1977) in the case of adult post-stroke recovery function restitution in the left
hemisphere may be much more important than function substitution in the non-dominant for
language hemisphere.(Rothi and Horner, 1983) Certainly, with early or chronic injury a
switch to the non-dominant homologues is possible, but this mechanism of post-stroke
language recovery in adults may not be readily available. Thus, restitution of the peri-stroke
areas may be of utmost importance for language recovery.

4.3 Cerebellar contributions to post-stroke aphasia recovery

An observation of an increased BOLD signal in cerebellum during language tasks,
especially the SD/TD task is not new. Right cerebellar hemisphere is observed to activate

Restor Neurol Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Szaflarski et al.

Page 10

typically with this task whether right- or left-handers are tested (Binder et al., 1997;
Szaflarski et al., 2002) with this activation possibly related to semantic discrimination
modulated by task difficulty.(Xiang et al., 2003) In fact, there is now a wealth of studies in
healthy controls and subjects with cerebellar pathology documenting mainly right cerebellar
participation in language and verbal memory processes that are clearly affected by vascular,
neoplastic or developmental pathology.(Baillieux et al., 2010; Highnam and Bleile, 2011,
Stoodley and Schmahmann, 2009) At the clinical level, comparisons between subjects with
lesions and healthy controls usually reveal subtle deficits with relatively minor detectable
group differences.(Baillieux et al., 2010; Murdoch, 2010) Patients with cerebellar injury
frequently experience decreased verbal fluency and semantic access.(Highnam and Bleile,
2011) Further, a recent study of children with congenital vascular lesions functioning in the
normal range showed remodeling of cerebellar language representation with right-sided
activation observed in healthy control children and left-sided activation in children who
recovered from the perinatal stroke; these authors observed a significant correlation between
the strength of the left cerebellar lateralization of the activation and the right-hemispheric
shift in the frontal language areas.(Lidzba et al., 2008) Our results are in agreement with and
extend the results of those studies; in fact, we observed that overall better language
performance was associated with increased activation in the right cerebellum (ROI 1 in Fig.
3C) and in the left frontal regions (ROIs 3-4 in Fig. 3C). This finding of a similar but
reversed hemispheric pattern of associations further supports the notion that in adults, post-
stroke aphasia recovery is associated with improvements in left-hemispheric peri-stroke
functioning and also typical right cerebellar activation. But, in children with brains that are
still undergoing development, it is not surprising to see the shift of activation to the
contralateral cerebellar hemisphere.

4.4 Post-stroke recovery and lesion volume

Studies in healthy animals have shown that plasticity in motor cortex can be induced via
exercise/practice (Nudo et al., 1996) and that the degree of this plasticity and subsequent
remapping of the lost functions may be dependent on the lesion volume.(Nudo and Milliken,
1996) In human studies of motor recovery after stroke larger lesions were significantly
associated with poorer recovery as assessed with Rankin scores (Beloosesky et al., 1995) or
neurological examination/stroke scale.(Brott et al., 1989) Both groups independently
postulated that the reason for this volume-outcome relationship is a decreased compensatory
ability of the remaining brain tissue. This is certainly in agreement with the results of the
above animal study.(Nudo and Milliken, 1996) While the studies of association between
volume size and outcome in motor stroke are important and may help in explaining the
results of the aphasia studies, an animal model of post-stroke aphasia is currently not
available. What we do know about the stroke volume effect on aphasia outcomes are derived
from a growing number of studies in patients with post-stroke aphasia.

Initial computed tomography studies of the effects of stroke volume on the post-stroke
aphasia recovery consistently indicated a clear volume/outcome relationship between in
volumetric studies obtained at 2 months to more than 1 year after incident stroke.(Kertesz et
al., 1979; Knopman et al., 1983; Naeser et al., 1981) In these studies, patients with lower
stroke volumes exhibited better aphasia recovery and overall better communication abilities
at the time of testing. The results of aphasia recovery studies that utilized MRI
measurements are less consistent.(Allendorfer et al., 2012a; Heiss et al., 1999; Lazar et al.,
2008; Raja Beharelle et al., 2010; van Oers et al., 2010) This may be related to the fact that
many modern studies do not examine this relationship or use relatively small sample sizes to
examine the functional correlates of post-stroke aphasia recovery with the volumetric
analysis being secondary to the analysis of functional recovery as tested with e.g., fMRI.
Nevertheless, in the studies where this relationship was observed, the authors speculated that
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the lesion size may be the limiting factor in long-term recovery (Allendorfer et al., 2012a)
and these studies are in support of the notion of a hierarchical model of aphasia recovery.
(Hamilton et al., 2011; Heiss and Thiel, 2006) This model posits that complete post-stroke
aphasia recovery occurs in patients with small lesions located in the eloquent areas of the
dominant hemisphere. Larger (medium-size) lesions in such areas with peri-stroke recovery
lead to contralateral homologue disinhibition and only partial but frequently adequate
recovery, while still larger lesions with severe LMCA cortex injury cause inadequate
recovery despite increased contralateral homologue participation in recovery.(Heiss and
Thiel, 2006) Finally, another possible explanation for the presence of this discrepancy
between studies is the fact that anatomical measures are usually very crude — while volume
can be measured adequately, the brain hypoperfusion and the presence of a related sub-
anatomical injury may not be adequately assessed.(Fridriksson et al., 2002; Hillis et al.,
2003) Nevertheless, our results are in agreement with some of the studies of post-stroke
aphasia recovery and the hierarchical model of post-stroke aphasia recovery, indicating that
lesion size needs to be taken into account when assessing rehabilitative potential.

5. CONCLUSIONS

Overall, this study adds to the existing body of evidence in support of the importance of the
left-hemispheric brain regions for the post-stroke aphasia recovery. Further, we show that
recovered patients who had LMCA aphasia-producing stroke show normal or close-to-
normal fMRI activation pattern which is similar to the recovery patterns in patients
recovered from a stroke that produced motor deficits.(Ward et al., 2003) Further, we show
that shifts of the activation patterns to the non-dominant (right) hemisphere may contribute
to or be associated with decreased linguistic abilities after stroke. We have previously shown
that there is an age at which the direction of language lateralization in healthy humans
changes.(Szaflarski et al., 2006) Based on the available data from prenatal, early postnatal,
childhood and adult stroke presented above we expect that a similar switch in relative
contributions of both hemispheres to the language recovery after stroke occurs at a certain
age which is yet to be determined. Knowing the age of that switch may facilitate choices
regarding rehabilitative strategies with the interventions applied to the right or left
hemispheres depending on the age of stroke occurrence.
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A

Figure 1.

Example of using the lesion mask for the brain extraction and normalization steps. (A)
Standard brain extraction of lesioned anatomical MRI (left) results in removal of viable
tissue beyond the stroke lesion (middle) and subsequent misregistration to standardized
space (right). (B) The lesion mask (in red) was traced on each subject’s anatomical MRI
(left) and applied to achieve good results during the brain extraction algorithm (middle) and
subsequent normalization to standardized space (right). Images are presented in radiological
convention (left=right).
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Figure 2.

Group composite maps depicting lesion overlap between subjects in (A) LMCA patients
with Token Test 241 (LMCA-R; n=9) and (B) LMCA patients with Token Test <40
(LMCA-NR; n=18). Images are presented in radiological convention (left=right) and lesion
maps are overlaid onto one of the stroke subject’s anatomical scan in Talairach space with
slices ranging from z=-34 to z=+62 (left to right).
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Figure 3.

Group composite activation maps for the SD/TD task for (A) LMCA-R and (B) LMCA-NR
patients. Both groups show overall typical BOLD activation patterns during semantic
processing with increased activation (in orange) in medial frontal, left lateral frontal and left/
bilateral parietal regions and decreased activation (in blue) in bilateral temporal regions. (C)
Group differences in BOLD activation during semantic processing. Compared to LMCA-
NR, LMCA-R showed greater increases in activation (in orange) in the bilateral (right>left)
cerebellum (1), left superior parietal lobule (3) and the left superior frontal gyrus (4).
LMCA-R also showed a greater decrease in activation (in blue) than LMCA-NR in the right
superior temporal gyrus (2). Activation clusters in all images are significant after correction
for multiple comparisons at a corrected p<0.05 (voxelwise p<0.05, minimum cluster of 65
contiguous voxels). Images are presented in radiological convention (left=right) and group
activation maps are overlaid onto one of the stroke subject’s anatomical scan in Talairach
space with slices ranging from z=—34 to z=+62 (left to right). The clusters in (C) showing
significant group activation differences were defined as regions of interest (ROIs 1-4) for
use in correlation analyses; for each ROI, the average t-score was extracted from each
subject’s GLM map. (c2) shows significant associations (Bonferroni corrected) between
fMRI activation in ROI 2 and Controlled Oral Word Association Test (COWAT)
performance. (c4) shows significant associations (Bonferroni corrected) between fMRI
activation in ROI 4 and language performance on the Boston Naming Test (BNT), Semantic
Fluency Test (SFT), Peabody Picture Vocabulary Test (PPVT), and the Complex Ideation
subtest of the Boston Diagnostic Aphasia Examination (BDAE). On the scatterplots, data
points in orange are LMCA-R subjects and in blue are LMCA-NR subjects.
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Demographic, clinical and performance variables for the 9 LMCA-R (recovered) and 18 LMCA-NR (not-

recovered) stroke subjects.

LMCA-R LMCA-NR | p-value
Age 52 (13) 56 (12) 0.48
Age at stroke 50 (13) 51 (13) 0.84
Years since stroke 21(21) 49(3.1) 0.01
Edinburgh Handedness Inventory score 83 (19) 96 (12) 0.10
Token Test score 43 (1) 23(12) <0.001
Clinical History
Hypertension 3(33.3) 5(27.8) 1.0
Diabetes Mellitus 0 (0) 3(16.7) 0.53
High Cholesterol 1(11.1) 10 (55.6) 0.04
Coronary Artery Disease 0 (0) 2(11.1) 0.54
Myocardial Infarction 0(0) 1(5.6) 1.0
Atrial Fibrillation 1(11.1) 1(5.6) 1.0
Comorbidity Load? 0.6 1.2 0.78
Language Assessments
Boston Naming Test 54 (9) 32 (19) <0.001
Semantic Fluency Test 41 (18) 17 (12) 0.004
Controlled Oral Word Association Test 26 (17) 7(5) 0.01
Peabody Picture Vocabulary Test 206 (19) 198 (16) 0.27
Complex Ideation subtest of Boston Diagnostic Aphasia Examination | 11 (2) 7(3) <0.001
FMRI Task
Semantic Decision accuracy 64.4 (18.4) | 47.6 (17.1) 0.04
Tone Decision accuracy 76.7 (36.3) | 52.2(28.7) 0.10

Data reported as mean (SD) except for clinical variables, which are reported as frequency (percentages).

aComorbidity load is defined as the average number of clinical comorbidities per subject in each group.
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