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Functional recovery in response to a brain lesion, such as a stroke, can
even occur years after the incident and may be accelerated by effective
rehabilitation strategies. In eleven chronic aphasia patients, we admin-
istered a short-term intensive language training to improve language
functions and to induce cortical reorganization under rigorously
controlled conditions. Overt naming performance was assessed during
functional magnetic resonance imaging (fMRI) prior to and immedi-
ately after the language training. Regions of interest (ROIs) for
statistical analyses were constituted by areas with individually deter-
mined abnormally high densities of slow wave generators (identified by
magnetoencephalography prior to the language intervention) that
clustered mainly in left perilesional areas. Three additional individu-
ally defined regions served to control for the specificity of the results
for the selected respective target region: the homologue area of the
individual patient’s lesion, the mirror image of the delta ROI in the
right hemisphere and left hemispheric regions that did not produce a
significant amount of slow wave activity.

Treatment-induced changes of fMRI brain activation were highly
correlated with improved naming of the trained pictures, but selec-
tively within the pre-training dysfunctional perilesional brain areas.
Our results suggest that remodeling of cortical functions is possible
even years after a stroke. The behavioral gain seems to be mediated by
brain regions that had been partially deprived from input after the
initial stroke. We therefore provide first time direct evidence for the
importance of treatment-induced functional reintegration of perile-
sional areas in a heterogeneous sample of chronic aphasia patients.
© 2007 Published by Elsevier Inc.
⁎ Corresponding author. Department of Psychology, University of Konstanz,
Universitätsstr.10, P.O. Box 23, 78457 Konstanz, Germany. Fax: +49 7531
882891.
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Introduction

Aphasia is a common consequence of cerebrovascular stroke and
refers to the impaired ability to produce or comprehend language.
After a stroke, substantial reorganization of language functions
becomes evident and it has been suggested that reactivation of
ipsilesional brain areas usually leads to the best outcome during
rehabilitation, at least in patients with smaller lesions. Right hemi-
sphere activity might contribute to recovery when substantial
language eloquent cortex in the left hemisphere is damaged, as in the
case of larger lesions (Heiss and Thiel, 2006; Price and Crinion,
2005). Still, little is known about how treatment impacts on the
neural substrates of language in chronic aphasia (usually defined as
N6–12 months after stroke), and the heterogeneity of lesions and
syndromes in aphasia frequently hampers group analyses. To this
end, the few studies which examined neuroplastic changes following
language intervention by means of functional brain imaging
afforded only small and selected samples (for a recent review see
Crosson et al., 2007) and yielded controversial results: For example,
Leger et al. (2002) reported increased BOLD activity in left peri-
lesional areas in a non-fluent chronic patient after 6 weeks of speech
training,while Crosson et al. (2005) demonstrated improved language
functions in two chronic non-fluent patients after a treatment of
attention that was designed to shift activation from the damaged left
to the right hemisphere.

Irrespective of the location of the lesion, cerebrovascular
strokes are accompanied by a common marker of dysfunctional
information processing in perilesional areas: Focal clusters of slow
brain waves in the delta frequency range (1–4 Hz) have been
determined from electroencephalography (EEG) and magnetoen-
cephalography (MEG, Lewine and Orrison, 1995). Generators of
the slow wave activity are usually located in perilesional areas and
are indicative of areas deprived from afferent input (Tecchio et al.,
2006). Modulations of pathological slow wave activity have been
linked to improved behavioral outcome in a variety of neurological
conditions (Lewine et al., 1999; De Jongh et al., 2003; Hensel
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et al., 2004). In 28 chronic aphasics, we (Meinzer et al., 2004)
found abnormal MEG slow wave activity to be significantly
increased in perilesional areas of the left hemisphere. After 2 weeks
of intensive language training slow wave activity had markedly
changed (increased or decreased) and the degree of change in
either direction was correlated with the improvement in language
function. This individually determined functionally abnormal brain
area may thus serve as a ‘region of interest’ in functional imaging
analyses when predicting rehabilitation/recovery-related functional
changes assessed during a language task and may thus help to
clarify the debate about the functional relevance of perilesional
areas for treatment-induced language recovery in chronic aphasia.
Here, we used functional magnetic resonance imaging (fMRI) and
an overt naming task to investigate reorganization before and after
a short-term intensive language training in chronic aphasia
patients. We hypothesized that, irrespective of site and size of
lesion and of aphasic syndrome, more pronounced improvement of
language functions after training would be associated with
increased task-related brain activation within (perilesional) areas
of excessive slow wave activity prior to training.

Materials and methods

In the present study, a sample of 11 chronic aphasia patients (4
females; age: median 51.0 years, range 19–66; median time since
stroke: 32 months, range 6–480) with varying lesion sites and sizes
and different aphasia syndromes participated in the study. In all
patients, aphasia was caused by a unilateral left hemispheric is-
chemic or hemorrhagic stroke. All patients were right-handed prior
to brain injury, as assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971). A chronic state of aphasia was defined as a time
since lesion exceeding 6 months. Aphasia was diagnosed according
to the guidelines of the standardized German aphasia test battery, the
Aachen Aphasia Test (AAT, Huber et al., 1983). Aphasic syndromes
were determined as Wernicke’s (N=2), Broca’s (N=7) and global
(N=1) aphasia. One patient could not be categorized according to
this schema. Aphasia was classified as mild (N=4), moderate (N=6)
or severe (N=1). Patient characteristics are summarized in Table 1.
The patients participated in a 10-day intense language training
following the CIAT-protocol (Constraint-Induced Aphasia Therapy,
Pulvermueller et al., 2001). The development of CIAT has been
guided by neuroscientific knowledge about cortical plasticity. It
Table 1
Clinical and demographic parameters of the patient sample

ID Age
(years)

Sex Onset
(months)

Etiology Syndrome Severity

1 19 Female 11 Hemorrhagic Broca Mild
2 35 Male 32 Hemorrhagic Broca Mild
3 49 Female 6 Ischemic Broca Mild
4 55 Female 30 Ischemic Not classified Moderate
5 61 Male 48 Ischemic Broca Moderate
6 60 Male 27 Ischemic Broca Moderate
7 46 Male 34 Ischemic Global Severe
8 51 Male 59 Ischemic Wernicke Moderate
9 56 Male 45 Ischemic Wernicke Moderate
10 66 Female 480 Ischemic Broca Mild
11 42 Male 19 Ischemic Broca Moderate

⁎ z-scores above control subjects; mid.=middle, inf.= inferior, sup.=superior; ME
interest.
includes a massed training schedule (3 h/day for 10 consecutive
workdays) within a motivating group setting. This is achieved by
way of communicative language games in an interactive group
setting. Communication was constrained to spoken language.
Improvements in language abilities were systematically shaped
by increasing levels of task difficulty adjusted to the individual
patient’s capacities. During the training period, patients did not
participate in any other rehabilitation program (for a detailed
description of the procedure see Pulvermueller et al., 2001; Meinzer
et al., 2005, 2007a). MEG assessments prior to training and pre- and
post-training fMRI scans were obtained from all patients.

Dysfunctional brain areas were defined by focal slow wave
activity (obtained from a 5-min MEG session prior to training),
while changes in brain activation during an overt picture naming
task, determined from fMRI before and after the training, served as
indicators of functional changes. Activity changes across the two
(pre- and post-training) fMRI scans within areas of individually
determined focal abnormal slow wave activity (the delta ROI) were
correlated with changes in performance in the naming task. To
assess the specificity of the effects for this target ROI, the analyses
were repeated for the (a) mirror region of the individual patient’s
lesion in the right hemisphere (i.e., the homologue area of the
lesion), (b) the mirror region of the individually defined delta ROI
and (c) the remaining areas of the left hemisphere of each patient
that did not produce a significant amount of slow waves prior to
training.

Language function outside of the scanner was evaluated by
means of the AAT and by a picture naming test that was developed
for the purpose of this study. It included 150 photographs of objects
(such as a rose, bucket or zebra). Test items were not part of the
training materials. Naming of pictures was without response time
restriction, the first response being scored. Tests were administered
by trained psychologists or speech and language therapists 1 day
prior to the onset and 1 day following the completion of the training.
Performance on the picture naming tasks during the fMRI scanning
and outside of the scanner was evaluated on a 4-point scale in
accordance with the scoring system of the AAT naming subtest
[3 points: correct response; 2 points: semantic paraphasia (close
relationship, e.g., “cigarette” instead of “cigar”), self correction; 1
point: semantic paraphasia (no close relationship—e.g., “bulb”
instead of “lighthouse”); 0 point: e.g., fragmentary responses, other
articulation].
Lesion volume
(cm3)

Delta ROI
size (cm3)

Peak MEG intensity
in delta ROI⁎

Localization of
maximum DDD

56.56 113.93 5.41 Left mid. frontal
212.13 82.99 5.34 Left mid. frontal
68.92 214.93 2.79 Right inf. frontal
47.40 108.19 3.76 Left inf. parietal
66.75 95.35 5.38 Left mid. frontal
108.66 156.67 3.57 Left mid. frontal
202.152 86.59 5.31 Left inf. frontal
121.716 76.46 3.35 Left inf. temporal
235.956 125.42 5.09 Left mid. frontal
31.026 142.97 2.85 Left sup. temporal
96.84 166.17 5.38 Left mid. frontal

G=magnetoencephalography, DDD=delta dipole density, ROI=region of
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Data collection

Written informed consent was obtained from subjects prior to
each fMRI and MEG recording. The ethics committee of the
University of Konstanz had approved the study protocol and the
study was conducted in accordance with the Helsinki Declaration.

A picture naming task during fMRI was chosen because word
retrieval is more or less impaired in almost all aphasic patients
(Kohn and Goodglass, 1985) and because the language training
focused predominantly on naming. The fMRI paradigm employed
a temporal sparse sampling design (Hall et al., 1999), in which the
overt verbal response is assessed in the scanner during an off-
phase, and the hemodynamic response is acquired after a short time
delay, thereby movement artifacts due to the articulation process
are avoided. Magnetic resonance imaging (MRI) was performed
using a 1.5 T scanner (Philips Intera). Functional MRI stimulation
consisted of two blocked conditions of overt picture naming, which
alternated with passive fixation of a cross at the center of the
screen. Conditions (overt naming, passive fixation) were presented
in blocks of five consecutive trials, with the sequence of picture
naming blocks being identical for both assessments while picture
sequence varied within each block. A total of 16 blocks for each
condition were collected (80 naming trials, 80 fixation trials), high
name agreement scores for all stimuli were assured (average name
agreement: 0.92±0.09). Pictures were taken from an Internet
database (Szekely et al., 2004) and included line drawings of
objects. Forty of these pictures were included in the training
material to be named once in each daily training session. An
additional 40 untrained objects allowed for the evaluation of a
generalization of training effects to untrained pictures. Stimuli
were presented by a visor (VisuaStim, Resonance Technology,
Inc.) for 3 s, and overt naming was required during this interval.
After a delay of 0.8 s a whole-brain functional MR volume was
acquired (temporal sparse sampling; Hall et al., 1999). Prior to the
first scan, a training session outside of the scanner was performed
to familiarize the patients with the experimental design. A different
set of pictures was used for this training session.

Functional MR echo-planar imaging (EPI) was performed with
the following acquisition parameters: repetition time TR=6 s;
acquisition time TA=2.2 s; 28 transversal slices, slice thickness:
4.5 mm; in-plane resolution: 3.6×3.6 mm, field of view=230,
acquisition matrix 64×64. A total of 166 functional whole-brain
volumes were acquired, while the first six scans were excluded
from the analysis to allow for T1 equilibration effects. Verbal
responses were transmitted from the scanner to a microphone, tape-
recorded and transcribed after scanning. No overt response was
required for the control condition (fixation).

Functional MRI pre-processing was performed using Statistical
Parametric Mapping (SPM2, Wellcome Department of Cognitive
Neurology, London, UK) and included standard SPM slice-timing,
realignment and smoothing (9×9×12 mm3 Gaussian Kernel)
routines. During normalization, cost-function masking was
performed to prevent distortion of the image due to the lesion
(Brett et al., 2001). Data were modeled using a finite impulse
response function (Gaab et al., 2007). Anatomic localization of
significant voxels within clusters was conducted using the
Talairach Demon software (Lancaster et al., 2000) with the nearest
gray matter option enabled. Mapping of lesions was performed on
a high resolution normalized T1-weighted scan (SPM2 was used
for normalization) of each patient using MRIcro (Rorden and
Brett, 2000). An average lesion plot was calculated with Matlab
(version 6.5) and superimposed on a standard brain template
(Montreal Brain).

The magnetoencephalogram (MEG) was recorded prior to the
training using a 148-channel whole-head neuromagnetometer
(MAGNES™ 2500 WH, 4D Neuroimaging, San Diego, USA)
installed in a magnetically shielded chamber. MEG was measured
in a supine position for 5 min under resting conditions and the
subjects were instructed to fixate a colored mark on the ceiling of
the magnetically shielded room throughout the recording in order
to avoid eye and head movement. A video camera installed inside
the magnetically shielded room allowed for a monitoring of the
subject’s behavior and compliance throughout the experiment.

The fiducial points, coils and head shape were digitized with a
Polhemus 3Space® Fasttrack prior to each measurement. The
subject’s head position relative to the pickup coils of the sensor was
estimated before and after each measurement. MEG was recorded
with a sampling rate of 678.17 Hz, using a 0.1–200 Hz band pass
filter. For artifact control, eye movements (EOG) were recorded
from four electrodes attached to the left and right outer canthus and
above and below the right eye. The electrocardiogram (ECG) was
monitored via electrodes attached to the right collarbone and the
lowest left rib using a Synamps amplifier (NEUROSCAN®). Data
were reduced by a factor of 16 and digitally filtered for the delta
(1.5–4.0 Hz) frequency band using a digital band pass filter
(Butterworth filter of the order 6). Artifact-free time segments were
determined by visual inspection. Single equivalent current dipoles
were fitted for each time point in the selected artifact free segments
(distance of time points 24 ms). Five non-overlapping channel
groups over left, right, center, anterior and posterior regions were
chosen for dipole modeling. A homogeneous sphere, which fits best
in a least square sense the digitized patient’s head shape below the
selected sensors, served as a model for the volume conductor.
Dipole fit solutions at time points satisfying the following
requirements were accepted: (1) a dipole moment (q) of
10 nAmbqb100 nAm and (2) a goodness of fit (GOF) greater
than 0.90. These restrictions should ensure that neither artifacts nor
small amplitude biological noise would affect the results and that
only dipolar fields that were generated by focal sources were
analyzed. Each dataset was divided into 1331 voxels, each of
20 mm3, using the AFNI software (Cox, 1996). For each patient, the
percentage of dipoles in the delta frequency band per second in each
voxel was z-transformed and statistically compared to the dipole
density distribution of a group of N=116 healthy controls who were
considered as a ‘norm group’. The norm group had been recruited as
control subjects in different studies, in which MEG was recorded as
described above. Across studies subjects were included as ‘control’
only, if they had never been treated for a neurological or psychiatric
disorder and were not under medication. All subjects were right-
handed as verified by the Edinburgh Handedness Inventory. The
sample consisted of 59 males, mean age 31.7±10.9 years (range
19–66) and 57 females, mean age 26.1±8.5 years (range 17–64).
Since the control group was not matched for age to the patient group
it should be mentioned that a recent study in our own laboratory
found no differences in the location and extent of slow wave activity
in healthy younger and older subjects (Wienbruch, 2007).

For the patient group the individual head frame coordinate
system, defined by left and right ear canal and the nasion, was used
to transfer and display dipole densities onto an average template
brain. Areas with excessive slow wave activity, i.e., high dipole
densities in adjacent clusters of voxel, were localized by applying a
filter of FWHM 20 mm (full width half maximum) to the original
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data to minimize the influence of more distant voxels with low
dipole density on the areas of higher density. Individual maxima
were determined by increasing the threshold until only one voxel
appeared to be activated.

Maximum DDD was N2 z-scores above that of the control group
for all patients (range 2.75–5.83, for details see Table 1) and located
in the left hemisphere in 10/11 patients. In one patient only (who
displayed the shortest time since stroke) the voxel of maximum
slow wave activity was located in the right hemisphere even though
also substantial left hemispheric slow wave activity was observed in
this patient. Areas with excessive focal slow wave activity (which
have been shown to be stable in terms of localization across time in
a previous study; Meinzer et al., 2004) were defined as the upper
30% of individually determined voxels with delta dipole density
above those of the control group. This area was considered as search
volume for a subsequent fMRI region of interest analysis. The
control regions [mirror region of the individual delta ROI in the
contralesional hemisphere, homologue areas of the individual
patient’s lesion in the right hemisphere; remaining regions of the left
hemispheric (LH) that did not produce excessive slow waves (i.e.,
left hemisphere−delta ROI)] were generated using MRIcro to
assess the specificity of the results.

Data analyses

Changes in the functional activation evoked by picture naming
(fMRI) after training were evaluated on an individual basis. In a
previous MEG study of our group (Meinzer et al., 2004), improved
language function was associated with decreased slow wave
activity in the majority of patients. Still, a small subgroup evi-
denced increased slow wave activity after training which was also
correlated with improved language performance. Therefore, in the
present study, we aimed to assess whether increased and/or
decreased functional MRI activation within the delta ROI or in
three control regions was associated with improved naming ability.
Increased activation after therapy was defined by the contrast
[(Naming–Fix)postN (Naming–Fix)pre]. Decreased activation after
therapy compared to the first session (before therapy) was analyzed
with the inverse contrast.

In a first step, the individual threshold to be used for each
patient was determined by a whole volume analysis that included
all trials (N=80; trained and untrained pictures). An initial voxel
threshold was set to pb .05 (family wise error corrected, FWE)
with a cluster threshold of k≥10 voxels. Since we were interested
in both increased and decreased fMRI activity, the threshold was
lowered to pb .001 (uncorrected) when either no increase or
decrease of activation was evident at pb .05 FWE-corrected (this
was the case for patients 2, 3 and 11).

The subsequent ROI analyses were conducted separately for
trained (N=40) and untrained (N=40) pictures. Here, the sum of
the increased/decreased number of voxels in regions overlapping
with the extent of the delta ROI and the three control regions was
chosen as the dependent variable during fMRI. The same statistical
threshold was chosen as in the previous analyses.

Improvement of language test performance after treatment was
scrutinized with one-tailed t-tests. Additionally, individual im-
provement in the AAT was assessed for each patient according to
the norms of the AAT for the profile score and all subtests/subscales
(critical differences). Differential improvements for trained and
untrained items of the fMRI naming task were assessed with
repeated measures analysis of variance (ANOVA). Associations
between continuous variables (e.g., increased voxel number,
percentage increase of naming performance) were assessed with
Pearson correlation coefficients.

To assess whether increased activity within the delta ROI was
more strongly correlated with improved naming performance
compared to either of the three control regions, we employed the
significance test for correlated correlations (Meng et al., 1992).

Results

Prior to the training, severity of aphasia, evaluated by the
profile score of the Aachen Aphasia Test (AAT, Huber et al., 1983),
was predicted by larger lesion volume as indicated by the
individual high resolution structural MRI scan (r=− .65, p=.029;
see Fig. 1A for an overlay plot of lesion locations of all patients).
Lesion size was, however, not significantly correlated with
performance on the picture naming task at the first pre-training
fMRI assessment (r=− .35, p=.28). MEG-derived excessive slow
wave activity, although varying in extension across subjects (see
Table 1), clustered in perilesional areas of the left hemisphere (see
Fig. 1B). In all patients, peak slow wave activity produced z-scores
greater than 2 when values of a healthy control group were used for
z-transformation (Table 1).

After training, aphasia severity had decreased, as indicated by
significant increases in the profile score (group average: t(10)=6.9,
pb .0001) and the subtests of the Aachen Aphasia Test (all subtests
pb .01). In 8/11 patients, significant improvement of language
functions in at least one subtest or subscale of the AAT was
substantiated (for a detailed description of the language test results,
see Supplementary Table 1).

Similarly, performance in the overt picture naming task had
significantly improved from pre- to post-training (group average:
t(10)=9.03, p=.0001). Performance on the 40 trained pictures
(t(10)=6.90, pb .0001) and the 40 untrained object pictures
(t(10)=3.79, p=.002) improved, which points to a generalization
of the treatment effect. Still, even though not statistically signi-
ficant there was a trend towards more pronounced improvement for
trained than for untrained pictures (interaction of trained/untrained
pictures and time: F(1,20)=3.38, p=.08).

Improvement in the additional naming test that was performed
after the fMRI scanning session with 150 untrained items also
indicated generalization of the training effect to untrained items
(group average: t(8)=3.88, p=.002, see Table 2 for details of
naming performance inside and outside of the scanner).

Functional imaging analyses

For the trained pictures highly significant correlations of
increased activity in both LH ROIs with improved naming
performance were substantiated (delta ROI: r=.79, p=.003; LH
control ROI: r=.78, p=. 004). However, the correlation for the LH
ROI that did not produce excessive slow wave activity was clearly
determined by two outliers (patients 7/11; removing the two
patients resulted in a non-significant correlation r=.31, p=.41).
The correlation of improved naming performance and increased
activity in the delta ROI was not affected when excluding these
two outliers (r=.86, p=.002), indicating that reorganization of
regions that generate abnormal brain activity, i.e., perilesional
areas, may be critical to rehabilitative success for trained materials.

Increased activity in the mirror region of the delta ROI in the
contralesional hemisphere was not correlated with therapy success



Fig. 1. (A) Lesion overlay plot: lesion size averaged across the eleven patients superimposed onto a standard brain template (ICBM152, Montreal Brain Institute).
Yellow and red colors indicate voxels that were more often lesioned across the patient group (left= left). (B) Density of slow wave generators shown here in an
overlay plot: areas of excessive slow wave activity (averaged across 11 patients and relative to the distribution of a group of healthy controls, N=116)
superimposed on the same standard brain template. Yellow and red colors indicate voxels with more pronounced slow wave activity across the patient group.
Slow wave activity was thresholded (upper 30% of each patient) to limit the search volume to areas of focal clusters of slow wave activity that have been shown
to be stable in location across time, i.e., more than 2 z-scores above that of the control group (left= left).
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(all patients: r=.06, p=.84; without patients 7/11: r=−32, p=.39).
A significant correlation between increased activity in the homo-
logue region of the individual patient’s lesion in the RH and therapy
Table 2
Naming performance inside and outside of the scanner before (pre) and after (p
accordance with the scoring system of the Aachen Aphasia Test (AAT)

ID 3-point
responses
(N)

2-point
responses
(N)

1-point
responses
(N)

0-point
responses
(N)

Overall sc
fMRI nam

Pre Post Pre Post Pre Post Pre Post Pre P

1 21 35 7 2 4 6 5 7 81 1
2 38 54 7 6 11 5 12 2 132 1
3 50 66 12 5 4 4 14 4 178 2
4 25 47 4 4 2 1 35 25 85 1
5 27 32 11 19 4 4 25 21 104 1
6 55 69 4 3 3 1 10 4 174 2
7 6 19 0 2 2 4 50 49 20
8 28 34 5 8 3 0 31 38 97 1
9 20 35 4 3 7 3 13 8 75 1
10 39 58 12 8 7 3 12 3 148 1
11 17 42 5 8 8 4 35 24 69 1

Mean 29.6 44.6 6.5 6.2 5.0 3.2 22.0 16.8 105.7 1
sd 14.6 15.6 3.8 4.9 2.8 1.8 14.1 15.9 48.1
postNpre t(10)=9.08 t(10)=6.90 t(10)=3.8
(1-tailed) pb .0001 pb .0001 p=.002

Results are given for the overall naming score (80 items, maximum score 240 points
number of articulatory speech actions (successful and failed naming attempts that
untrained items, maximum score 450) were also scored according to the AAT crit
3 points: correct response; 2 points: semantic paraphasia (close relationship, e.g., “
(no close relationship—e.g., “bulb” instead of “lighthouse”); 0 point: e.g., fragment
be evaluated in two patients due to technical problems with the computer used for s
articulations for trained pictures before and after training.
success was also driven by the two outliers (patients 7/11: r=.74,
p=.008). Removing these patients from the analysis resulted in a
non-significant correlation (r=.04, p=.91).
ost) the training: naming performance was evaluated on a 4-point scale in

ore
ing

Score
trained
items

Score
untrained
items

Total number of
articulations⁎

Score external
naming test

ost Pre Post Pre Post Pre Post Pre Post

16 47 70 34 46 37 (21) 50 (27) 254 297
79 58 107 74 72 68 (34) 67 (36) 354 368
12 88 112 90 100 80 (40) 79 (40) 411 413
50 35 84 50 66 66 (33) 77 (38) 199 229
32 53 73 51 59 67 (33) 76 (38) 234 262
14 90 95 84 119 72 (37) 77 (40) 284 321
65 5 36 15 29 58 (19) 74 (38) 32 56
18 45 62 52 56 67 (31) 80 (40) 249 342
17 35 64 40 53 44 (19) 49 (24) 226 252
93 72 93 76 100 70 (32) 72 (33) n/a n/a
46 41 71 28 75 65 (29) 78 (40) n/a n/a

49.3 51.7 78.8 54.0 70.5 63.1 70.8 249.2 282.2
46.3 24.8 22.1 24.3 26.7 12.4 11.1 105.4 103.1
7 t(10)=4.24 t(8)=3.88

p=.0008 p=.002

) as well as for trained and untrained pictures (40 each). Additionally, the total
involved articulation) is presented. Results of the external naming test (150
eria.
cigarette” instead of “cigarre”), self correction; 1 point: semantic paraphasia
ary responses, other articulation. n/a: naming outside of the scanner could not
timulus presentation outside of the scanner. ⁎ In brackets the total number of
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The correlation between improved naming performance
and increased activity in the delta ROI was significantly higher
compared to the correlation of improved naming with increased
activity in the homologue area of the patient’s lesions and the
mirror image of the delta ROI (lesion homologue: z=2.11,
p=.03; mirror image delta ROI: z=2.64, p=.008). The post hoc
comparison between the two ROIs in the left hemisphere only
approached significance (z=1.84, p=.065), even though in-
creased activity in the LH ROI that did not produce a significant
amount of slow wave activity per se was not related to improved
performance.

Additional analyses confirmed that the perilesional increase of
fMRI activation in the delta ROI for trained pictures after training
was not related to the size of the individually defined ROIs (r=
− .33, p=.37), indicating that this result was not due to a larger
size of the area characterized by excessive slow wave activity in
some of the patients. For trained pictures, a lower level of
functioning, that is, lower naming performance prior to training,
predicted a greater percentage of improvement with training
(r=.73, p=.02) and there was a trend for a more pronounced
increase of activity in the delta ROI in lower functioning
individuals (r=.57, p=.10). Neither post-training improvement on
trained pictures nor the respective change in cortical activation
was related to duration of aphasia (naming ability: r=− .22,
Table 3
Increased activation for trained and untrained pictures after treatment within indivi
related activation at the second investigation (post) with the first investigation (pr

ID Hemi Anatomic structure Trained items

BA k T x y z

1 L –
2⁎ L Middle frontal 10/47 88 5.19 −30 62
3⁎ L –
4 L Middle frontal 6 203 6.86 −33 0

Superior temporal 22 10 5.50 −62 −17

5 L Superior temporal 21 39 5.85 −48 −26 −
Superior frontal 10 44 5.50 −21 59

6 L Middle frontal 10 40 6.53 −36 56
7 L Middle frontal 11 142 8.50 −21 43

Transverse gyrus 41 106 6.80 −36 −26
Inferior frontal 47 35 6.58 −30 32 −
Middle temporal 22 43 6.55 −56 −35
Superior frontal 10 11 6.08 −18 61
Inferior temporal 21 26 5.60 −56 −7 −

8 L Insula 13 11 5.54 −36 −7
9 L Fusiform gyrus 20/37 77 7.04 −45 −12 −

Middle frontal 10 43 6.53 −36 56
10 L −
11⁎ L Middle frontal 46 90 4.81 −45 53

Superior frontal 6 162 4.32 −12 −11

L=left; Hemi=hemisphere; BA=Brodmann area; k=cluster extent; x/y/z=Talaira
clusters voxel threshold pb .05 FWE-corrected, k≥10; ⁎p-values were set to .001 u
activation at pb . 05 family wise error corrected; in patients 1/10 increased activity w
3) and/or in the control ROI in the LH, Pat. 1: trained pictures: precuneus, k=11,
k=55, T=4.8, x/y/z: −18/6/52.
p=.56, activity inside of the delta ROI: r=− .29, p=.44). Speech
activity increased in general (trained items: t(8)=3.9 p=.002,
Table 2). However, in particular for trained pictures, this
increased overall speech activity was not related to increased
cortical activity in the delta ROI (r=.10, p=.78). The results
were thus specific to lexical performance (see also Table 3 for a
summary of regions with increased activity after scanning for
trained and untrained pictures in the delta ROI and Supplemen-
tary Tables 2 and 3 for increased activity in the two right
hemispheric control regions; the simple main effects for picture
naming vs. fixation before and after treatment in the delta ROI
and in the LH control ROI are listed in Supplementary Tables 4
and 5).

Improvement on untrained pictures was correlated with
increased activity in all four ROIs. However, all correlations were
driven by the two outliers (patients 7/11; for all ROIs rN.86,
pb .001). Repeating these analyses without the two patients
resulted in a non-significant correlation with performance for all
ROIs (delta ROI: r=− .22, p=.56; mirror region of the delta ROI in
the RH: r=− .18, p=.64; homologue area of the lesion in the RH:
r=− .31, p=.40; remaining LH ROI: r=− .49, p=.17). Decreased
activity for trained and untrained pictures was not correlated with
naming performance in any of the ROIs, irrespective of whether we
included all patients or excluding the two outliers.
dual delta ROIs: Increased activation was determined by contrasting naming
e): [(Naming–Fix)postN (Naming–Fix)pre]

Untrained items

Anatomic structure BA k T x y z

11 Medial frontal 32 94 5.17 −24 41 6
Superior temporal 22 76 4.39 −59 −37 18

53 Superior frontal 6 102 6.37 −18 3 61
6 Limbic (uncus) 36 56 6.5 −27 −2 30

Superior temporal 22/42 27 5.50 −56 −31 13
Middle frontal 6 11 5.39 −33 14 44

4 Middle occipital 19 94 7.57 −36 −76 4
11 Medial frontal 8 15 6.20 12 37 40

Inferior frontal 44 48 5.88 −59 7 19
Middle temporal 22 16 5.67 −53 −38 5
Middle frontal 9 10 5.07 −45 8 38

8 Superior temporal 22 15 5.66 −50 −14 3
5 Anterior cingulate 10 66 8.82 −21 44 −2
12 Transverse gyrus 41 178 8.15 −33 −36 13
9 Inferior frontal 10 37 6.18 −50 44 −2
2 Inferior parietal 40 15 5.94 −48 −53 50
0
17
25
24 Superior frontal 10 20 5.80 −33 56 17
8 Fusiform gyrus 20 11 5.61 −39 −22 −24

6 Inferior temporal 20 1023 7.58 −53 −30 −19
61 Superior parietal 7 188 5.31 −39 −62 50

Medial frontal 9 74 4.97 −18 44 14

ch-coordinates, T-values for maximally activated voxels within significant
ncorrected since whole volume analysis revealed no increased or decreased
as only evident in right hemispheric areas (see Supplementary Tables 2 and
T=5.28, x/y/z: −12/−44/49; Pat.10: trained pictures: medial frontal gyrus,



2044
Discussion

The present results show that cortical plasticity (a) can produce
measurable functional outcomes in the very chronic stage of
aphasia, (b) occurs predominantly in perilesional areas with
dysfunctional processing/deafferentation, and (c) is specifically
reflected in an improvement of the trained language function. With
respect to clinical rehabilitation, these results substantiate the
effects of intensive language training that aims to enhance cortical
plasticity based on neuroscientific principles. From a methodolo-
gical perspective, the results suggest that the combination of
imaging techniques, the individual MEG-based definition of
dysfunctional perilesional areas and the fMRI-based measurement
of functional areas (in an activating task pre- and post-training)
allows the study of reorganization/recovery processes even in a
sample of patients with different aphasia syndromes, severity of
disorder and extension and location of lesion.

The results of the present study suggest the following
conclusions:

(1) Improvement of language function in chronic aphasia after
intensive training is mediated by measurable cortical reorganiza-
tion: Language improvement for trained materials was significantly
related to increased functional activity (fMRI) within (perilesional)
areas of excessive slow wave activity, but across the group of
patients not related to functional activation in remaining areas of
the left hemisphere or even in the two control ROIs in the right
hemisphere (i.e., mirror area of the delta ROI, homologue areas of
the lesion in the right hemisphere). It might thus be concluded that
improvement was mediated by reintegration of, or increased
connectivity within, these perilesional areas. However, as the size
of the individual ROI of abnormal slow wave activity varied across
patients, it might be argued that the probability of finding increased
activation within the delta ROI depends on a larger search volume
per se. Argument against this possibility though is that no
significant correlation between the size of the search volume and
the number of active voxels after treatment was found.

Whereas the initial level of naming ability predicted language
improvement, the duration of aphasia was not related to functional
changes. This argues against the view that major functional re-
recruitment of perilesional areas might be restricted to the acute
stage after stroke where physiological factors (like reduction of
edema, regression from diachisis) are responsible for improved
functional behavior. Rather, the present results emphasize the
capacity of reintegration of these areas, in particular in patients
with severe chronic aphasia, irrespective of duration, where
changes in behavior might only be expected following an intensive
training (Robey, 1998; Bhogal et al., 2003).

Increased brain activity after treatment was not restricted to
perilesional areas but also evident in remaining areas more distant
from the lesion in left hemispheric areas (outside of the delta ROI)
and also in the undamaged right hemisphere (the lesion homologue
and the mirror ROI of the delta focus) in all patients. Still, the
increased activity in these areas was not related to improved
language functions which points to a less task specific pattern of
activity subserving semantic access (including non-language
domain specific functions like memory and attentional resources,
Murtha et al., 1999), possibly mediated by a spread of perilesional
activation to interconnected brain areas of both hemispheres or
increased motor activation (Kurland et al., 2004).

Two patients (7/11; with the lowest pre-training naming scores
and the most pronounced relative improvement of naming
performance) exhibited not only the strongest reactivation of
perilesional brain tissue of all patients, but also substantially
increased activity in more distant areas of the left and right
hemisphere (e.g., see Table 3/Supplementary Tables 2 and 3). It is
unlikely that this large increase of activity in these two patients is
specific to lexical access, rather it might be related to increased
arousal or attention as a consequence of the intensive stimulation
with language. Removing these outlier patients from the analyses
resulted in a highly significant correlation between improvement of
naming ability and increased activity in perilesional areas
characterized by excessive slow wave activity for trained materials.
In line with these considerations, more pronounced improvement
of language functions (together with a trend for more pronounced
activity within the individual delta ROI) was found in patients with
lower pre-training naming skills. This might be explained by the
fact that patients with more severe aphasia in general do have
major problems to use language as a means of communication, and
therefore, exhibit less functional communication attempts in
everyday life and/or even during therapy. In these patients, the
intensive stimulation during the 2 weeks of training interval might
have stimulated previously neglected brain areas, with a related
marked improvement of naming ability. From these results and
considerations, we conclude that improved language function
following intensive training was mediated by reorganization/
restitution mainly within pre-training dysfunctional perilesional
brain areas of the left hemisphere.

(2) In the present study we demonstrated that the amount of
perilesional reactivation in the delta ROI was related to improved
naming of trained materials (trained pictures) only. No correlation
was found for the untrained materials, even though there was also
(but less pronounced) improvement for these items. Additionally,
we demonstrated generalization of picture naming performance on
untrained items assessed outside of the scanner. Little is known
about the mechanism that might support generalization of naming
ability in aphasia (and only few studies were able to show such
generalization). Certain characteristics of the CIAT procedure
might have facilitated behavioral generalization. For example,
previous studies that demonstrated generalization of treatment
effects in patients with aphasia focused on semantic features of
items within superordinate categories (Drew and Thompson, 1999)
or on semantically related words to induce spreading activation
within semantic networks (Boyle and Coehlo, 1995). Moreover,
Kiran and Thompson (2003) investigated the influence of semantic
complexity on generalization of treatment effects by modifying
typicality of category exemplars. In particular, for (trained) atypical
exemplars of a category they found generalization of naming
ability to intermediate or typical items, but not vice versa.
Similarly, the materials used during the 2-week training period
included pictures that were semantically related to the test materials
and also included atypical exemplars (e.g., category: animals; test
item: horse; training item: tapir). Additionally, the patients were
encouraged to use cues to facilitate naming performance, were
required to paraphrase targets when they could not come up with
the correct word or were provided with superordinate categories
(“what kind of an animal is this…”). In combination with the
highly intensive training schedule, which engages the semantic
system on different levels across an extended time period, this
might have enhanced lexical semantic representations and retrieval
in general. Subsequent studies are required to elucidate the
mechanisms that foster generalization of naming performance
following CIAT.



2045
Still, there is an inconsistency between behavioral improvement
(for untrained object names in the scanner) and brain activation
patterns that needs to be discussed: Behaviorally, we demonstrated
generalization of training effects to untrained items, while this has
not been the case for the brain activation patterns (i.e., no
correlation for increased brain activity and behavioral improve-
ment; different areas were activated for trained and untrained
object names). In particular, only in a few patients was there a
partial overlap of areas activated for trained and untrained items.
Therefore, different brain areas might be responsible for improve-
ment of trained and untrained items, i.e., specific training effects
vs. generalization. This definitively deserves further study.

(3) The combination of individual MEG-assessed pathology
and repeated fMRI scanning allowed us to investigate reorganiza-
tion (or processes related to recovery of function) in a
heterogeneous group of patients with chronic aphasia, hetero-
geneous syndromes, severity and site of lesion. The individual
definition of regions of interest, based on individually determined
pathology, allows us to examine the functional relevance of brain
regions surrounding the lesion during recovery. This impact of
perilesional regions/recovery might have been underestimated in
previous functional imaging studies with groups of aphasic patients
because the overlap of lesions with different size and location
might have reduced detection power in these areas (Warburton et
al., 1999). This is particularly important in studies employing
expressive language designs, like word production, which have
been shown to be more strongly bound to the left hemisphere than
receptive language tasks (Kinsbourne, 1998). The presently
defined individual “pathological” regions of interest allow us to
overcome these potential confounds and to assess an unselected
sample of patients with different lesion characteristics, aphasic
syndromes and severity ranges. Further studies should examine
whether the importance of perilesional areas in the rehabilitation of
chronic aphasia also holds for (a) other language tasks that are less
left lateralized in non-brain damaged individuals as the naming
task we used and (b) whether other effective treatment approaches
produce a similar pattern of reactivation.

(4) The selection of chronic patients controlled for the con-
founding effects of spontaneous recovery (restricted to the early
post-acute stage) or unspecific factors that might be associated with
extended treatment intervals. Patients participated in a short-term
intensive language training that aimed at improving the language
process targeted during the fMRI task. Improvement of language
functions – in particular, naming performance – has been de-
monstrated by several studies that employed the CIAT procedure
(Pulvermueller et al., 2001; Maher et al., 2006; Meinzer et al.,
2005, 2006, 2007a,b). Moreover, the patients improved on two
naming tests and additional improvement across the group and on
an individual basis was substantiated in a standardized language
test. At least for the AAT retest stability in chronic aphasia has
been demonstrated across short time intervals (retest reliability in
chronic aphasia rN.91 for all AAT subtests; Huber et al., 1983).
Therefore, since patients did not receive any rehabilitation in
addition to CIAT during these 2 weeks, the change in language
function is most likely to be attributed to the language training.
Still, even though the long-term stability of improvements follo-
wing CIAT has been demonstrated in a previous study (Meinzer et
al., 2005), one caveat of the present report is the lack of long-term
follow-up assessment to demonstrate the stability of the results.

Another shortcoming of the current study is that no control
group of untreated patients was examined with the same MEG and
fMRI protocols to control for non-specific effects of task repetition
on brain processes. However, stability of performance and brain
activation across repeated fMRI scans has been demonstrated in
two recent studies testing nonverbal semantic (Kurland et al.,
2004) and object naming in chronic aphasics (Fridriksson et al.,
2006). Moreover, a single case report (Meinzer et al., 2006), which
compared an aphasic patient and three healthy subjects using
exactly the same fMRI design as in the present study, found no
group changes in activation patterns across time in (untrained)
controls, whereas increased activation was associated with im-
proved naming performance in the patient. Finally, the within-
subject correlation between task improvement and increased
perilesional activation emphasizes the functional significance of
perilesional changes.

In summary, we have provided first-time direct evidence for
the importance of perilesional brain areas to the rehabilitation of
expressive language functions in a larger group of chronic aphasia
patients and across a wide range of aphasic syndromes. Moreover,
the present study provides a new method to investigate (reor-
ganizational) brain processes underlying recovery of function,
regardless of individual differences in lesion site and severity and
evidence that training procedures fostering cortical reorganization
improve language functions in chronic aphasia by remodeling
cortical networks in perilesional brain areas, which were
disconnected from neuronal network communication after the
stroke.
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