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The relative contribution of dominant and non-dominant language networks to recovery from aphasia is a
matter of debate. We assessed with functional magnetic resonance imaging (fMRI) to what extent the left
and right hemispheres are associated with recovery from aphasia after stroke. fMRI with three language
tasks was performed in 13 aphasic stroke patients and in 13 healthy subjects. Severity of aphasia was
examined within 2 months after stroke and after at least 1 year. Recovery of naming ability and scores on the
Token Test were correlated with data from fMRI in the chronic phase. A breath-hold paradigm was used to
investigate hemodynamic responsiveness.
Overall language performance in the chronic phase correlated with higher relative activation of left
compared to right perisylvian areas. Recovery of naming ability was positively correlated with activation in
the left inferior frontal gyrus (IFG) for semantic decision and verb generation. Recovery on the Token Test
was positively correlated with activation in both left and right IFG during semantic decision and verb
generation. Hemodynamic response to the breath-hold task was similar in patients and controls.
Our study suggests that in the chronic stage after stroke left IFG activity is associated with improvement of
picture naming and sentence comprehension, whereas activity in the right IFG may reflect up-regulation of
non-linguistic cognitive processing. Altered hemodynamic responsiveness seems an unlikely confounder in
the interpretations of fMRI results.

© 2009 Elsevier Inc. All rights reserved.
Introduction

Recovery of language function after stroke is variable and
prediction of outcome in individual patients is difficult (Pedersen
et al., 1995). Understanding the mechanisms that play a role in the
recovery of language function may aid to predict outcome and
potentially reveal targets for new therapeutic approaches.

In more than 90% of right-handed healthy people, the left
hemisphere is dominant for language (Springer et al., 1999). After
ischemic damage to the left hemispheric language network, enhanced
activation of perilesional left hemispheric areas as well as activation of
right hemispheric areas have been observed (Crosson et al., 2007;
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Heiss and Thiel, 2006; Price and Crinion, 2005). Several neuroimaging
studies assessing recovery from aphasia after brain injury have shown
robust correlations between language function and activation in left
hemispheric language areas (Breier et al., 2004; Cao et al., 1999;
Crinion and Price, 2005; Heiss and Thiel, 2006; Meinzer et al., 2008),
suggesting that preservation or restoration of the left hemispheric
language network is important for recovery of aphasia. The functional
relevance of activation of homologous right hemispheric language
areas in stroke patients is more ambiguous.

Patients who regained language function after left hemispheric
damage have been shown to relapse after subsequent right hemi-
spheric damage (Basso et al., 1989; Gowers, 1887). Furthermore, loss
of language function has been observed when the right, but not the
left, hemisphere was anesthetized during Wada testing in aphasic
patients (Kinsbourne, 1971).

However, earlier imaging studies have not found a direct relation
between right hemispheric activation and functional recovery
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(Crosson et al., 2007; Heiss and Thiel, 2006; Price and Crinion, 2005).
Enhanced activation of the right hemisphere can be observedwithin 2
weeks after stroke and may return to control levels after 1 year,
whereas left hemispheric activity increases gradually over months to
years (Saur et al., 2006), suggesting the temporary early increase of
right hemispheric activation does not reflect a functionally relevant
gradual reorganization process. Some studies have suggested that
early activation of right hemispheric areas reflects changes in
transcallosal inhibition and may even be maladaptive (Rosen et al.,
2000). For example, activation of primarily right frontal areas has
been observed in aphasic patientswith left frontal lesions (Blank et al.,
2003; Peck et al., 2004; Rosen et al., 2000; Xu et al., 2004), whereas
significant right temporo-parietal activation occurred in patients with
left temporo-parietal lesions (Abo et al., 2004; Fernandez et al., 2004).

Today, the question is not if the right hemisphere can contribute to
language recovery, but under which circumstances, when, and to
what extent. Increased activity in the right hemisphere is more
frequently observed in patients with large ischemic lesions and poor
recovery, while patients with small lesions display better outcome in
association with recruitment of primarily left language areas (Crosson
et al., 2007). Increases in activation in the right IFG from the acute to
the subacute phase, but not from the subacute to the chronic phase,
have been shown to be associated with improvement of language
performance (Saur et al., 2006). Furthermore, transcranial magnetic
stimulation (TMS) of the right IFG can hamper speech in aphasic
patients in the subacute phase, while having no effect in some of these
patients during follow-up in the chronic phase (Winhuisen et al.,
2007). This suggests a temporary contribution of the right IFG in the
early phase post-stroke, which is absent or more modest at chronic
stages, when recruitment of perilesional left hemispheric areas
becomes predominant. The association between the extent of the
lesion, time after stroke and the severity of aphasia, in relation to the
involvement of the right language network to recovery from aphasia,
however, remains largely unclear.

Assessment of neural correlates of language recovery may be
effectively conducted by combined structural and functional MRI,
which allows concurrent measurement of structural damage and
functional activation responses, respectively. It is, however, important
to keep in mind that functional MRI (fMRI) does not directly measure
neuronal activity but uses a vascular signal to probe neural processes.
Aphasic stroke patients have been shown to exhibit changes in the
hemodynamic response during the performance of a language task
(Bonakdarpour et al., 2007). This could have implications for the
Table 1
Patient characteristics.

Patient Sex Age
(years)

Time to
test 1
(days)a

Time to
test 2
and MRI
(years)b

Aphasia
profile
at MRIc

AAT
overall

Spontaneous
speech
(max. 30)

Invers
token
(max.

1 F 49 49 4.5 Broca III −122 22 0
2 F 50 11 1.5 Anomic I 57 25 33
3 F 36 31 1.3 Anomic II 51 24 35
4 F 34 27 3.8 Anomic II 21 25 31
5 M 55 30 4.7 0 55 24 39
6 M 52 38 1.4 Broca III −135 13 4
7 F 65 8 4.2 Wernicke I −3 27 20
8 M 74 47 3.2 Broca III −45 16 39
9 F 67 5 4.2 Anomic II 43 23 29
10 M 70 53 1.9 Anomic II 39 23 37
11 F 53 6 4.0 0 60 29 45
12 F 29 18 2.9 0 61 28 45
13 F 57 56 1.3 Broca III −83 10 5

Language performance scores, at time to test 2, are expressed in arbitrary units (maximum
Test; Δ-naming: recovery of naming (difference in Z scores); Δ-Token Test: recovery on th

a Time from stroke to language testing in the subacute phase.
b Time from stroke to language testing and MRI in the chronic phase.
c I=mild; II=moderate; III=severe; 0=no aphasia.
interpretation of fMRI results. Therefore, it is helpful to assess
cerebrovascular reactivity in stroke patients who take part in an fMRI
study. A breath-hold task provides a simple and effective means to
evaluate functional status of the vasculature (Thomason et al., 2005).

To elucidate the contribution of left and right brain areas in
language recovery, we conducted fMRI during execution of three
different language paradigms in patients with aphasia of mixed
severity in the chronic stage after stroke, and correlated brain
activation with (i) severity of aphasia in the chronic stage (N1 year),
(ii) changes in language performance (i.e., picture naming and
auditory sentence comprehension) between the subacute (1 month)
and chronic (N1 year) phases of stroke, and (iii) size and location of
the lesion. Furthermore, a breath-hold paradigm was included to
evaluate hemodynamic responsiveness.

Materials and methods

Subjects

A total of 13 stroke patients took part in this study. Characteristics
of the patients are listed in Table 1. Patients were included if they (i)
had a first-ever ischemic stroke in the territory of the left middle
cerebral artery (MCA); (ii) had aphasia assessed within the first two
months after stroke with both the Token Test (de Renzi and Vignolo,
1962) and the Dutch version of the Aachen Aphasia Test (Graetz et al.,
1992) or the Boston Naming Task (Kaplan et al., 1978); (iii) had a
score b3 on the modified Rankin scale (van Swieten et al., 1988),
moderate disability, but were able to walk without assistance; (iv)
were right-handed; (v) could be followed up after at least 1 year after
inclusion; and (vi) had Dutch as their native language. Patients were
excluded from the study if they had (i) a history of other neurological
or psychiatric diseases; (ii) an inability to perform at least two of the
three fMRI language paradigms due to severe aphasia or other
disturbances of cognition or sensory function; (iii) an inability to
enter the MRI scanner because of non-MRI compatible prostheses;
and (iv) an inability to visit the hospital because of reduced mobility.
Patients were either selected from a database with 185 stroke patients
(n=6) who had been assessed with a battery of neuropsychological
tests (Nys et al., 2005), or from a group of aphasic stroke patients that
had been referred to rehabilitation center “de Hoogstraat” (n=7).
Characteristics of the patients (mean age 53±14 years; four males)
are listed in Table 1. Severity and subtyping of the aphasia (Broca's,
Wernicke's, etc.) is conducted according to the Aachen Aphasia Test.
e

50)

Repeating
(max. 150)

Written
language
(max. 90)

Naming
(max. 120)

Comprehension
(max. 120)

Δ-naming Δ-Token
Test

42 1 0 84 0.0 0.0
140 89 113 114 12.5 22.0
134 83 114 111 2.6 5.0
106 63 109 101 11.3 18.0
144 84 112 102 7.4 24.0
22 3 1 66 0.1 4.0

110 35 97 84 4.9 20.0
53 64 48 107 5.7 5.0

128 82 109 109 17.7 29.0
125 85 107 91 −0.5 1.0
138 88 117 113 18.0 28.0
147 90 112 105 3.0 13.0
92 6 16 77 0.7 5.0

scores between parentheses). AAT overall: overall performance on the Aachen Aphasia
e Token Test, between first and second language tests.
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The severity is based on reference scores of a Dutch group of aphasia
patients that was used to develop and test the Dutch version of the
Aachen Aphasia Test.

At the time of MRI, the aphasia of three patients had completely
recovered. The other patients had anomic aphasia (n=5), Broca's
aphasia (n=4), orWernicke's aphasia (n=1) (Table 1). Thirteen age-
matched volunteers (mean age 54±16 years; four males) without
neurological or psychiatric illnesses were recruited as controls.
Written consent was obtained from all subjects. The study was
approved by the local Medical Ethical Review Board.

Language testing

At time-point 1, in the first 2 months (26±18 days) after stroke,
all patients underwent the Token Test, which is a part of the Aachen
Aphasia Test. In addition, the severity of aphasia was assessed with
the complete Aachen Aphasia Test (n=8) or Boston Naming Task
(n=4), or both (n=1).

At time-point 2, 1 day before the MRI session (1.3–4.7 years post-
stroke) the Aachen Aphasia Test, Boston Naming Task, and Token Test
were again conducted in all patients. The score on the Token Test was
subtracted from its maximum score of 50 to ensure that higher scores
reflected better performance, similar to the scores on the other
subtasks of the Aachen Aphasia Test and the Boston Naming Task.

In order to create a single measure reflecting overall language
performance in the chronic phase, with within group differences
being most important, a principle component analysis was performed
on scores of all subtests of the Aachen Aphasia Test using MATLAB
(The Mathworks Inc.) (Schaechter et al., 2006; Ward et al., 2003). The
first principle component, which accounts for the largest variability
within the data, was taken as the composite language performance
score.

Recovery of language function from the subacute to the chronic
phasewasmeasured fromdifferences in confrontation picture naming
(Boston Naming Task or naming subtask of the Aachen Aphasia Test)
performance and Token Test scores. To combine the scores on the
different naming tests into a single score reflecting change in naming
performance over time, the scores on the Boston Naming Task and
naming subtest of the Aachen Aphasia Test were normalized to scores
from a Dutch control population of aphasia patients (Graetz et al.,
1992; van Loon-Vervoorn et al., 1996), and converted into Z scores. For
each patient, the difference between the subacute and chronic stage Z
scores was calculated as a measure of recovery. In addition, for all
patients, recovery on the Token Test was measured by subtracting the
score at time-point 2 from the score at time-point 1. The Token Test
scores were not normalized before subtraction.

MRI

Language paradigms
In order to assess different aspects of the language systemwe used

three different fMRI language paradigms. Tasks that require verbal
fluency or semantic decision predominantly activate Broca's area (left
IFG) (Bookheimer, 2002; Poldrack et al., 1999). Since particular
interest was paid to the IFG and the tasks had to be easy enough for
aphasia patients we used the following tasks, all visually presented in
a blocked design: (i) picture word matching; (ii) semantic decision;
and (iii) verb generation (D'Arcy et al., 2007; Ramsey et al., 2001;
Wise et al., 1991). The semantic decision and picture word matching
tasks both require a decision based on semantics.

The picture word matching task consisted of trials (six blocks of
28 s) of a simultaneously presented picture (Snodgrass and
Vanderwart, 1980) and a word, of which the subjects were asked
whether these matched. Subjects responded by pressing a left
(correct) or right (incorrect) button with the left (non-paretic)
hand. To control for non-language processing, such as activation of
the motor system, task blocks were interleaved with a control
condition where subjects were asked to press the left or right button
when an arrowpointing left or rightwas presented (six blocks of 28 s).
In addition, six blocks (28 s each) were added in which subjects had to
fixate on a centrally presented stimulus.

In the semantic decision task, subjects had to judge whether a
noun in the middle of the screen referred to an animal. These task
blocks (6×28 s) were alternated with the same control condition and
blocks with a fixation cross as in the picture word matching task.

During the verb generation task, subjects were instructed to think
of a verb associated with a presented noun (for example, coffee–to
drink). Task blocks (8×30 s) were alternated with visual presentation
of a fixation cross in the middle of the screen (8×30 s).

During a training session 1 day before the MRI examination and
again directly before scanning, subjects practiced all tasks with
different stimuli. During the scanning session, subjects once more
were given a few practice trials before each fMRI run. To match task
difficulty between subjects, interstimulus intervals within blocks of
the language tasks were individually calibrated by multiplying the
mean reaction time during the practice session with 1.8. In a pilot
study this turned out to ensure performance accuracy above 80% (data
not shown).

Breath-hold paradigm
For the breath-hold paradigm, subjects were visually cued to hold

their breath for 20 s after normal inspiration by showing them a
number counting down to zero. Breath-hold blocks (3×20 s) were
alternated with rest blocks with a fixation cross in the middle of the
screen (4×30 s). A belt around the abdomen registered respiration.

Data acquisition
MRIwas performed on a Philips Achieva 3T scanner. A T1-weighted

scan (repetition time (TR)/echo time (TE)=9.9/4.6 ms, flip
angle=8°, acquired voxel size=1.0×1.0×1.0 mm3, reconstructed
voxel size=0.88×0.88×1.0 mm3, field-of-view (FOV)=224×
168×160 mm3, transverse orientation) was used for anatomical
localization. A FLAIR scan using an eight-element head coil equipped
for parallel imaging (SENSE) (TR/TE/inversion time (TI)=11000/
125/2800 ms, acquired voxel size=0.65×0.94×4.0 mm3, recon-
structed voxel size=0.45×0.45×4.0 mm3, FOV=230×183×129
mm3, transverse orientation) was used for visualizing the lesion. For
functional imaging a 3D PRESTO-SENSE sequence (TE/TR=32.4/
21.75 ms, scan duration 500 ms, flip angle=10°, FOV=256×
192×160 mm3, voxel size=4.0 mm3 isotropic, sagittal orientation)
was used (Neggers et al., 2008). The first 10 scans of each functional
run were discarded to allow for signal saturation. The picture word
matching and semantic decision sessions consisted of 1008 scans, the
verb generation session of 1020 scans, and the breath-hold session of
360 scans.

Data analysis

Data were analyzed using SPM2 (Wellcome Department of Imaging
neuroscience; http://www.fil.ion.ucl.ac.uk/spm/). Functional images
were realigned and co-registeredwith the anatomical and FLAIR images.
Amanually drawnoutlineof the hyperintense lesion on the FLAIR image
was used for calculating lesion volume and was masked out during
subsequent normalization of the patients' images to the Montreal
Neurological Institute template (Brett et al., 2001). Normalized
functional images were smoothed with an 8-mm Gaussian filter.

Language paradigms
First, for each subject, and for each task separately, a general linear

model (GLM) analysis was performed to obtain average brain
responses (i.e., b values) associated with language processing. To
correct for drifts in the signal, a high-pass filter was applied to the data

http://www.fil.ion.ucl.ac.uk/spm/
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with a cut-off frequency of 0.006 Hz for the semantic decision task and
picture word matching task, and a cut-off frequency of 0.008 Hz for
the verb generation task.

Second, regions-of-interest (ROIs) in the left hemisphere and their
right hemispheric homologues were created using the Wake Forest
University Pick Atlas (Maldjian et al., 2003) and consisted of (i) the
inferior frontal gyrus (IFG), representing the anterior language region,
(ii) posterior language region consisting of the angular, supra-
marginal, and entire superior and middle temporal gyri, and (iii)
combined anterior and posterior language regions (combined
language areas). The inferior temporal gyrus was not included
because of substantial magnetic susceptibility-induced signal loss in
this area (data not shown). For each patient the relative amount of
ischemic damage in each ROI was calculated by dividing the volume of
lesioned tissue within the ROI by the total ROI volume.

Third, for each subject, the number of activated voxels (i.e.,
showing activation above a threshold of pb0.05, Family Wise Error
corrected) was counted in each ROI to obtain the degree of activation
for each ROI. Since no significant activationwas observed in the lesion,
the lesion area was not masked out for this analysis. The laterality
index was calculated for each pair (left and right) of ROIs using:
laterality index=(L−R)/(L+R), where L is the number of activated
voxels in the left ROI and R is the number of voxels in the right ROI.
The laterality index reflects the degree of activation in a left
hemispheric ROI in relation to its contralateral counterpart.

Breath-hold paradigm
For analysis of the breath-hold data, the signal intensity time-

course over 360 scans was averaged for all voxels in right combined
language areas after filtering with a high-pass filter with a cut-off
frequency of 0.008 Hz. First, to assess differences between the healthy
hemisphere of patients and controls the time-course of individual
patients was correlated with the average time-course of all control
subjects. As a reference, the time-courses of the individual control
subjects were correlated with the average time-course of the control
group using the jack-knife approach. Second, to detect intra-
individual differences between the left and right hemisphere, a GLM
analysis was performed analogous to the analysis of the language
fMRI sessions, using the individual average time-course in right
homologous language areas as the regressor-of-interest.

The number of significantly responsive voxels (pb0.001, un-
corrected) in unlesioned left and right language areas were calculated
for all stroke and control subjects. In contrast to the language
paradigm, the breath-hold paradigm resulted in significantly respon-
sive voxels inside the lesion area. Therefore, the lesion was masked
out for ROI analysis of the breath-hold data for adequate comparison
with the language fMRI data. The number of responsive voxels in each
ROI was divided by the total number of voxels in the unlesioned part
of the ROI.

Statistics

All values are expressed as mean±SD. A pb0.05 was considered
statistically significant. A binomial test was used to test whether the
subjects' performance scores during the execution of language
paradigms were above chance level. Group activation maps for the
language paradigms were created with a one-sample t-test (pb0.001,
uncorrected). To test for differences in the amount of activation in the
combined language area between the different tasks for both groups, a
multivariate test was performed. Between-group differences in the
number of activated voxels in each ROI were evaluated by two-sample
t-testing.

Performance in the chronic phase, lesion size and fMRI activation
To assess the relation between language performance in the

chronic phase and language related activation within the patient
group, online performance on the picture word matching and
semantic decision task during scanning and performance on the
verb generation task right before scanning, were correlated with the
number of activated voxels (for both hemispheres) and laterality
indices in the ROIs. Furthermore, overall language performance in the
chronic stage was correlated with the number of activated voxels (for
both hemispheres) and laterality indices in the ROIs. Lesion size was
correlated with overall language performance. The number of
activated voxels in right hemispheric ROIs was correlated with lesion
volume and with the percentage of damage in their left hemispheric
counterparts. Correlations were tested with a Pearson's correlation
test.

Recovery of language and fMRI activation
The difference between the Token Test score and naming Z score at

time-points 2 and 1 within the patient group was tested with a paired
t-test. Recovery of naming and on the Token Test was correlated with
the number of activated voxels (for both hemispheres) and laterality
indices in the ROIs. Recovery of these language modalities was also
correlated with lesion size with use of Pearson's correlation test.

Breath-hold response
We calculated Pearson's correlation coefficients between percen-

tages of responsive voxels during language tasks and the breath-
hold paradigm in the combined language area to evaluate whether
the degree of activation was directly linked to the level of
cerebrovascular reactivity. Two-sample t-tests were used for the
comparisons of the numbers of activated voxels, laterality indices
and percentages of responsive voxels during breath-hold, between
patients and controls.

Results

Subjects

The locations of the patients' chronic infarcts are shown in Fig. 1.
The lesion size and location, and degree of damage in the left language
ROIs are shown in Table 2. Three patients were not able to perform the
verb generation task. Semantic decision results were excluded from
the analysis for one patient who did not perform above chance level.
The other tasks were successfully executed by these patients and
included for further analysis. All other subjects performed well above
chance level on all fMRI language paradigms. Performance accuracy
(%; controls vs. patients) for picture word matching, semantic
decision and verb generation were 93±8 vs. 88 ±10, 91±4 vs.
80±15 and 97±4 vs. 79±17, respectively.

Activation pattern

For both groups, average activation maps showed activation in the
inferior, middle, and medial superior frontal gyri, middle temporal
gyrus, supramarginal gyrus, the angular gyrus, posterior part of the
inferior temporal gyrus, basal ganglia, fusiform gyrus, posterior
occipital lobe, and cerebellum on both sides (Fig. 2). The different
language tasks activated largely similar areas. The number of
activated voxels in left language areas (patients vs. controls) for
verb generation, picture word matching and semantic decision were
407±156 vs. 590±180, 165±152 vs. 240±162, and 152±118 vs.
287±164, respectively. These numbers were significantly larger for
verb generation than for picture word matching and semantic
decision for both patients and controls (F 22.3, pb0.001). The number
of activated voxels and laterality indices in ROIs for patients and
controls are shown in Table 3. As a result of the lesion, the number of
activated voxels in the left IFG was significantly lower in patients than
in controls for all language tasks. The laterality index in the combined
language areas was lower in patients than controls.



Fig. 1. FLAIR MR images of axial brain slice with maximum ischemic damage for each patient (1–13), and distribution of all patients' lesion areas on a brain template. Color-coding
reflects number of patients (1–13) with local lesion overlap.
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Performance in the chronic phase, lesion size and fMRI activation

Within the patient group, activation in left or right hemispheric
ROIs or laterality indices were not correlated with online performance
on the fMRI tasks. Overall language performance was positively
correlated with the laterality index for semantic decision (r=0.60,
p=0.039) and we detected a trend for picture word matching
(r=0.51, p=0.078). The overall language performance at the time of
MRI was inversely correlated with lesion volume (r=−0.64,
p=0.018). The number of activated voxels in right hemispheric
ROIs was not related to either lesion volume or percentage of damage
in the left hemispheric counterparts of the ROIs.

Recovery of language and fMRI activation

From the subacute to the chronic phase, patients' performance on
the Token Test and on naming improved significantly from 14.5±14.3
Table 2
Lesion site, size and degree of damage to left language ROIs.

Patient Site of lesion in
left hemisphere

Lesion
volume
(cm3)

Damage to
IFG (%)

Damage to
posterior language
region (%)

1 Frontal, temporal, parietal 104.2 37 74
2 Frontal, parietal 49.6 54 8
3 Frontal 41.0 25 0
4 Frontal, parietal 69.3 50 31
5 Frontal 48.2 59 0
6 Frontal, temporal,

striatocapsular
87.3 63 28

7 Striatocapsular 6.0 0 0
8 Temporal, parietal 49.3 0 28
9 Frontal, temporal, parietal 75.0 12 33
10 Frontal 49.8 2 2
11 Parietal 10.4 0 5
12 Frontal 41.6 65 0
13 Frontal, temporal,

striatocapsular
167.3 93 55
to 27.9±15.6 (p=0.001) and from −10.2±5.9 to −3.8±6.2
(p=0.004), respectively (see Table 1).

Recovery of naming ability was positively correlated with the
number of activated voxels in the left IFG for semantic decision
(r=0.76, p=0.004) and verb generation (r=0.71, p=0.021).
Recovery on the Token Test was positively correlated with the
number of activated voxels in both left and right IFG during semantic
decision (r=0.77, p=0.004 (left); r=0.64, p=0.024 (right)) and
verb generation (r=0.64, p=0.047 (left); r=0.73, p=0.017
(right)). Change of naming and change on the Token Test were not
correlated with lesion volume.

Breath-hold response

The average time-courses of BOLD signal intensity changes in right
language areas in controls and patients during the breath-hold
paradigm are shown in Figs. 3A and B, respectively. The area with
significant BOLD responsiveness (pb0.001, uncorrected) for a control
subject and a patient are shown in Figs. 3C and D, respectively. One
control subject was discarded, as she did not hold her breath during
the second task block. Grey matter was widely responsive in both
controls and patients. There was markedly reduced responsiveness in
the infarcted area. The correlation coefficient between the average
signal intensity time-courses in right language areas in individual
healthy controls and the average time-course in all other controls was
0.61±0.10 (range: 0.47–0.75). For patients, the correlation coefficient
with the average time-course in controls was 0.44±0.32 (range:
−0.30–0.78). The difference between patients and controls did not
reach significance (p=0.13). For four patients with correlation
coefficients more than 2 standard deviations lower than the mean
in healthy controls, it was questionable whether they had fully held
their breath. Since three of them exhibited above average activation
during the language paradigms, it is unlikely that their cerebro-
vascular reactivity was substantially impaired. The other patient
showed sparse language-related activation. However, exclusion of
this patient from the fMRI analyses did not substantially change the
results (data not shown).



Fig. 2. Group activation maps (pb0.001, uncorrected) for controls (A, B, C) and patients (D, E, F) during picture word matching (A, D), semantic decision (B, E), and verb generation
(C, F). Color-coding reflects t-values.
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Percentage of activation during language tasks and percentage of
responsiveness during breath-hold was not correlated in the
combined language areas. Percentage of responsive voxels in the
unlesioned part of left and right language areas combined in controls
(left: 76.4±9.2%; right: 72.3±5.7%; laterality index: 0.03±0.05) was
not different from patients (left: 68.3±24.6%; right: 77.5±8.2%;
laterality index: −0.10±0.22).

Discussion

In the present study, better overall language performance more
than 1 year after ischemic stroke was associated with higher relative
activation of the left compared to the right hemisphere. Language
recovery from the subacute phase to the chronic phase after stroke
was associatedwith left IFG activity in the chronic phase. Both left and
right IFG activation in the chronic phase were correlated with
improvement of sentence comprehension (Token Test). A breath-
Table 3
Language-related activation in patients and controls.

Task ROI Controls

Lefta Righ

Picture word matching IFG 172±29 80±
Posterior language areas 67±19 24±
combined language areas

Semantic decision IFG 200±24 84±
Posterior language areas 87±25 41±
Combined language areas

Verb generation IFG 371±25 147±
Posterior language areas 220±38 106±
Combined language areas

a Number of activated voxels.
b Laterality index.
⁎ pb0.05, patients vs. controls.
hold paradigmdemonstrated that themajority of chronic patients had
adequate hemodynamic responsiveness in left and right language
regions.

In the patient and control group, all three language tasks induced
activation in language areas that are commonly activated across a
range of comparable language tasks in controls (Ramsey et al., 2001).
Activated volumes were larger in the verb generation paradigm than
in the other tasks. This is at least partly explained by the stronger
baseline task for the picture word matching and semantic decision
tasks, while verb generation was contrasted with a fixation cross.
Moreover, a smaller constraint in response options during verb
generation as compared to the other tasks results in increased
activation of the left IFG through a higher demand on selection
between competitive alternatives (Schnur et al., 2009).

Activation responses in chronic stroke patientswere detected in the
same left hemispheric areas as in controls, although to a lesser extent
due to the ischemic lesion. The amount of activity in right hemispheric
Patients

ta LIb Lefta Righta LIb

21 0.47±0.08 87±21⁎ 78±20 −0.02±0.15⁎

8 0.48±0.12 78±27 66±26 0.19±0.16
0.47±0.08 0.12±0.12⁎

22 0.43±0.07 85±22⁎ 57±11 0.12±0.16⁎

13 0.38±0.14 67±15 61±15 0.10±0.12
0.43±0.06 0.12±0.13⁎

24 0.47±0.06 225±43⁎ 156±32 0.16±0.13⁎

33 0.41±0.08 182±34 145±43 0.27±0.13
0.44±0.06 225±43⁎ 0.27±0.13⁎



Fig. 3. Response during breath-hold paradigm. Average change in signal intensity in right language areas over time in controls (A) and patients (B). BH: breath-hold block. Standard
deviations for time-points (mean; range) for controls: 0.48; 0.20–1.0, and patients: 0.59; 0.18–1.26. Map of responsiveness (pb0.001, uncorrected) in a control (C) and patient (D)
superimposed on subject's anatomical scan. Color-coding reflects t-values.
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areas was largely similar to that in controls. This corresponds with
previous studies that showed normalization of right hemispheric
activity in right perisylvian language areas after 2 weeks post-stroke
(Heiss et al., 1999; Saur et al., 2006).

Previous neuroimaging studies in stroke patients have underlined
the importance of restitution or restoration of the pre-morbid
language network in the dominant left hemisphere for recovery
from aphasia (Crosson et al., 2007; Heiss and Thiel, 2006; Price and
Crinion, 2005). In line with these findings, we found that a better
overall score on the Aachen Aphasia Test in the chronic phase was
correlatedwith a higher relative contribution of left compared to right
perisylvian areas during certain fMRI language tasks.

In our study, improvement on the Token Test was positively
correlatedwith activation in both the left and right IFGduring semantic
decision and verb generation. By contrast, recovery of namingwas only
associated with activity in the left IFG. The left IFG is a crucial area for
various linguistic processes such as lexical-semantics, phonology and
syntax. It is therefore not surprising that the left IFG is involved in
recovery of many subcomponents of language, such as sentence
comprehension and picture naming. Our data suggest that the right
IFG contributes more during auditory sentence comprehension than
during picture naming.

Picture naming requires integration of the visual, phonological,
semantic and motor systems, while auditory sentence comprehension
involves auditory, phonological, semantic, syntactic and motor proces-
sing. Since the patients did not exhibit hearing or visual impairments in
the subacute or chronic phase, reorganization of these primary sensory
brain systems are not suggestive to play a role in the observed
dissociation.

Right IFG may be especially involved in making inferences when
processing load increases (Shears et al., 2008). Indeed, the right IFG
has been shown to be activated when processing load of various
linguistic tasks increases (Kaan and Swaab, 2002), besides playing a
role in oddball detection (Huettel and McCarthy, 2004) and inhibition
(Vink et al., 2005). In our study, each of the words comprising the
stimulus sentences in the Token Test have to be kept in working
memory before a correct motor program can be initiated to solve the
trial. The demand on working memory and executive processing
during the Token Test would therefore be higher than for picture
naming. The increase of right IFG activation with increased task
difficulty and learning of new or forgotten words in healthy controls
as well as patients (Raboyeau et al., 2008) points toward an indirect
contribution of the right IFG to linguistic processing in terms of
working memory or executive control (Rosen et al., 2000).

The incorporation of contralesional (right) homologues into the
language network may be more prominent in case of extensive
damage. In our study, the infarction varied substantially in extent and
location. Yet, the IFG was most consistently affected (10 out of 13
patients). However, we did not find a significant correlation between
lesion volume or damage in the language areas in the dominant
hemisphere (i.e., left IFG and posterior language area) and activation
in the non-dominant hemispheric counterparts.
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Breath-hold

BOLD fMRI measures a hemodynamic response of the brain that is
related to neuronal activity (Logothetis et al., 2001). In patient studies
the assumption that vascular reactivity is unaltered and that differences
in the measured BOLD MR signal response therefore directly reflect
differences in neuronal activity is not unequivocal. In patients with
stroke, altered cerebrovascular reactivity may distort hemodynamic
activation responses (Krainik et al., 2005; Rossini et al., 2004). In stroke
patients with aphasia this may result in an increase in time-to-peak of
the hemodynamic response in left perisylvian areas (Bonakdarpour et
al., 2007). Assessment of vascular reactivity could aid in distinguishing
between altered neuronal processing and altered hemodynamic
responsiveness as an explanation for changes in fMRI responses in
cerebrovascular disease patients. We applied a 20-s breath-hold
paradigm that has been shown to be a practical approach to test
cerebrovascular reactivity non-invasively (Thomason et al., 2005). The
temporal pattern of BOLD signal intensity changes during the breath-
hold paradigm in healthy controls in our study corresponded with that
described previously: (1) an initial small increase in signal reflecting
chest expansion and decreased intra-thoracic pressure, reduced
vascular resistance and increase of blood inflow of blood to the brain;
(2) a decrease of the signal due to lowering heart rate and decreasing
cerebral perfusion as a result of autonomic regulation by baroreceptors;
(3) a signal increasedue to increase in cerebral bloodflow following rise
in arterial CO2 pressure; (4) return to baseline signal following
normalization of physiological parameters (Thomason et al., 2005).

In our study, the time-course of the BOLD MR signal during a
breath-hold paradigm was largely similar in structurally intact right
and left language areas in all subjects that performed the paradigm
adequately, except for one patient. The observed differences in
language-related fMRI activation can therefore not be explained by
altered cerebrovascular reactivity. Nevertheless, assessment of hemo-
dynamic responsiveness may well provide important information for
fMRI studies in stroke patients, particularly at earlier stages when
reactivity may be impaired (Saur et al., 2006).

Limitations and future directions

In order to make inferences about the contribution of the observed
activation to specific subcomponents of language, the tests used for the
behavioral assessment and the tasks used during the fMRI examination
should ideally be matched. Nevertheless, in our study activation of left
and right hemispheric ROIs was not significantly correlated with
performanceof the online fMRI tasks. The fMRI tasks hadbeendesigned
to be easy enough for dysphasic patients to perform. Although three
patients were unable to conduct the verb generation and one was
unable to conduct the semantic decision task, many patients reached
accuracy higher than 90% (7 out of 13 for picture wordmatching, 6 out
of 12 for semantic decision and 4 out of 10 for verb generation). This
ceiling effect may have masked a possible correlation.

The language tasks in this study were not designed to activate
Wernicke's area to a large extent. Therefore, no conclusions can be
drawn from the absence of evidence of involvement of the posterior
language area in recovery from aphasia in the chronic phase.

Unfortunately, fMRI was not conducted in the earlier phases after
stroke in the current study. Future studies with a longitudinal design,
with a close match between the tasks used for neuroimaging and
behavioral assessment, can help to further elucidate the contribution
of different brain areas and particularly the right IFG in relation to
behavioral recovery.

Conclusions

Our study confirms that restoration of left hemispheric language
areas, including the IFG, the superior and middle temporal gyri, and
the angular and supramarginal gyri is associated with good language
performance more than 1 year after ischemic stroke. Left IFG activity
was associated with improvement of linguistic functions such as
object naming and sentence comprehension, while the right IFG may
contribute through non-linguistic processing related to increased
demand of working memory or executive control reflecting task
difficulty or learning. The majority of patients showed a similar
hemodynamic responsiveness to a breath-hold paradigm in structur-
ally intact language areas compared to healthy controls, making
altered cerebrovascular reactivity an unlikely confounder in the
interpretations of our fMRI results in chronic stroke patients.
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