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bstract

Knowledge about the recovery of language functions in bilingual aphasic patients who suffer from left-hemispheric stroke is scarce. Here, we
resent the case of an early bilingual patient (German/French) with chronic aphasia. Functional magnetic resonance imaging (fMRI) was used to
nvestigate neural correlates of language performance during an overt picture naming task in German and French (a) 32 months after stroke to
ssess differential recovery of both languages as a function of the preceding language therapy that was provided exclusively in German and (b)
fter additional short-term intensive (German) language training. At the first investigation behavioral performance confirmed selective recovery
f German naming ability which was associated with increased functional brain activation compared to the French naming condition. Changes in

ehavioral performance and brain activation pattern as disclosed by fMRI after an additional experimental treatment were confined to the trained
German) language and indicate bilateral neuroplastic reorganization. No generalization to the untrained (French) language was observed. The
resent case results demonstrate use and/or training-dependent differential recovery of expressive language functions and an enhanced pattern of
rain activation as a function of the rehabilitation efforts that were focussed exclusively on the patient’s German language abilities.
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. Introduction

“Multilingualism” means the mastering and frequent use of
wo or more languages in everyday life and does not imply

specific degree of proficiency in one or the other language.
ccording to this definition more than half of the world popula-

ion might be considered multilingual (Fabbro, 2001a). Accord-
ngly, neurological conditions (e.g., stroke, tumors) leading to
anguage disorders may affect more than one language in this
opulation.
Little is known about the recovery of language in multilin-
ual patients suffering from aphasia after neurological injury like
erebrovascular stroke. Former theories of enhanced recovery

∗ Corresponding author at: University of Konstanz, Department of Psychol-
gy, Universitätsstr. 10, P.O. Box 23, 78457 Konstanz, Germany.
el.: +49 7531 884626; fax: +49 7531 882891.

E-mail address: marcus.meinzer@uni-konstanz.de (M. Meinzer).
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f the “most used language” (Pitres’ Rule) or “the native lan-
uage” (Ribot’s law) have not been confirmed (Fabbro, 2001a;
earce, 2005). Rather, the recovery from aphasia in multilin-
uals appears to be more complex than these early theories
ave suggested. For example, Paradis (1987) described six pat-
erns of recovery of aphasia in former bilingual patients. The

ost frequent are parallel recovery (simultaneous recovery of
wo or more languages), selective recovery (only one language
s recovered) and successive recovery (one language improves
efore the others). In a more recent study, Paradis (2001) found
arallel recovery of both languages in 65% of patients in a sam-
le of 20 former bilingual patients. Greater impairment of the
rst acquired language was found in 20% of the cases, the
pposite pattern was observed in the remaining 15% of the
atients. Therefore, a highly variable pattern of recovery is to

e expected in bilingual aphasics. Possible influences might be
ge of acquisition, proficiency and daily use of each language
efore neurological damage and the training provided following
he insult (Marrero, Golden, & Espe-Pfeifer, 2002).

mailto:marcus.meinzer@uni-konstanz.de
http://www.elsevier.com/wps/find/journaldescription.cws_home/247/description#description
http://www.ub.uni-konstanz.de/kops/volltexte/2008/5813/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-58139
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(see Fig. 1 for details of the lesion).

In the acute phase, CQ’s (German) language disorder was
diagnosed as global aphasia. According to CQ and his parents,
248

Moreover, the question whether rehabilitation efforts are
ransferred from one language (the trained) to the other (the
ntrained) language deserves further elaboration. While it
as been claimed that rehabilitation efforts usually tend to
ransfer from the trained to the untrained language to some
egree (Fabbro, 2001b; Filiputti, Tavano, Vorano, de Luca, &
abbro, 2002; Fredman, 1975; Gil & Goral, 2004; Watamori &
asanuma, 1978), the improvement in the trained language is
sually more pronounced than in the untrained language. For
xample, Junque, Vendrell, Vendrell-Brucet, and Tobena (1989)
ound more enhanced improvement of naming performance
or the trained language in a sample of 30 Catalan–Spanish
ilingual aphasics. On the other hand, there are studies that
ould not demonstrate transfer of treatment efforts from one
anguage to the other: Galvez and Hinckley (2003) investi-
ated a Spanish–English bilingual aphasic patient whose native
anguage was Spanish but rated himself equally proficient in
is later acquired English. A naming treatment that included
hierarchy of semantic and phonemic cues or the repetition

f target words was provided consecutively in both languages.
mprovements were found after each training session for the
rained language but no transfer to the untrained language
as observed. A possible explanation for the lack of or less
ronounced generalization in treatment studies (even in early
ilinguals with equal language proficiency) has been provided
y Laganaro and Overton-Venet (2001): the authors suggest,
hat treatment only generalizes when common computational
rocesses (i.e., a task requires the same strategies in both lan-
uages) are targeted. This is in line with studies that found
ore pronounced recovery and enhanced transfer of treatment

ains across languages during picture naming treatment for
ognates (i.e., words that overlap in form and meaning in differ-
nt languages) but not for non-cognates (Detry, Pillon, & de
artz, 2005; Kohnert, 2004; Lalor & Kirsner, 2001; Roberts

Deslauriers, 1999). Moreover, Edmonds and Kiran (2006)
nvestigated transfer patterns of a semantic naming treatment
hat was consecutively provided in English and Spanish in two
nglish–Spanish bilingual aphasics. Transfer from one language

o the other was only found in the patient with balanced lan-
uage skills (i.e., equal premorbid skills for both languages)
hile no transfer was observed in the (unbalanced) English
ominant patient. The authors suggested that for patients who
re equally proficient in their language abilities before neu-
ological damage it may be sufficient to treat only one lan-
uage.

Even though the above cited studies addressed treatment
utcome and generalization across languages, to our knowl-
dge the neural concomitants of treatment effects and potential
eneralization across languages have never been scrutinized
y means of functional imaging techniques (e.g., functional
agnetic resonance imaging, fMRI). The present study sought

o provide such evidence by investigating a 35-year-old early
ilingual (German/French) individual with premorbid balanced

anguage skills, who had suffered from a left-hemispheric stroke
2 months ago and was in the late chronic stage of aphasia. After
he stroke standard language rehabilitation had been offered
hich focussed exclusively on the German language abilities.

a
w

unctional magnetic resonance imaging (fMRI) during an overt
icture naming task using a temporal sparse sampling proce-
ure (Hall et al., 1999) served to monitor cortical activation of
erbal responses during scanning. In a first fMRI scan, nam-
ng of visually presented objects was required in German and
rench in order to investigate cortical activation accompany-

ng word-retrieval as a function of the long-term rehabilita-
ion efforts. Then, the patient participated in a 2-week inten-
ive (German) language training (Meinzer, Djundja, Barthel,
lbert, & Rockstroh, 2005; Pulvermueller et al., 2001). Special
mphasis was given to word-retrieval in this training. Func-
ional MRI was repeated for both languages after the training
eriod to explore neuroplastic changes, i.e., concomitants of
mprovement of function, and potential transfer of training to
rench.

.1. Case history

CQ,1 a highly educated (Ph.D.) right-handed 35-year-old
an was raised as the son of a German father and a French
other in France until the age of 3. The primary language dur-

ng the first 3 years of his life was French, but he became fluent
n German by the age of 3 when the family moved to Germany
here he visited a German Kindergarten and spent most time
ith his grandparents who only spoke German. The primary lan-
uage with his parents was French. Therefore, both languages
ere used on a daily basis during his early childhood. According

o the patient and his parents language skills for each language
ere comparably good. Until he graduated from high-school
oth languages were equally prominent in his everyday life,
erman at school and French at home. Later in life the patient

ontinued to use both languages on a daily basis at home and at
ork, since he was employed at an international law firm.2

At the age of 32 CQ suffered from an ischemic cerebrovascu-
ar stroke of the left middle cerebral artery following dissection
f the internal carotid artery. Two weeks later decompressive
raniectomy was performed since additional intralesional bleed-
ng was encountered during computer tomography and a left
rontal ventricular catheter was introduced. An additional 2
eeks later the catheter was removed and the site of trepa-
ation was closed by a palakosplastic. The remaining lesion
nvolved large parts of fronto-temporo-parietal lobes of the left
emisphere. The anterior portion of the middle and superior
emporal lobe, the inferior frontal gyrus and rolandic opercu-
um, pre- and postcentral regions, the posterior portion of the
nsula and putamen and parts of the superior and inferior pari-
tal lobe (determined from Talairach & Tournoux, 1988) were
ffected. The posterior portion of the superior and middle tem-
oral lobe and inferior temporal regions remained largely spared
1 Initials were changed in order to guarantee confidentiality.
2 Later in life, during high-school education and at university, the patient also
cquired English and Italian. We do not report on his other languages, since they
ere not acquired at an early age.
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Fig. 1. Shows the patient’s lesion (axi

omprehension was regained for all languages over the next 3
onths even without any formal training of French, English

nd Italian. Eighteen months post-stroke, CQ was diagnosed as
evere Broca’s aphasia following the diagnostic criteria of the
achen Aphasie Test (AAT, Huber, Poek, Weniger, & Willmes,
983). Severe word-retrieval problems were evident, although
e was able to utter three to five word phrases. Standard speech
nd language therapy across the first 32 months after stroke
ncluded different treatment approaches [e.g., stimulation by
arious means (Duffy, 1986), model-based therapy (Nickels,
002) and communicative approaches (Davis & Wilcox, 1985)].
hese long-term rehabilitation efforts have been provided exclu-
ively in German at an intensity of approximately 3 h/week.
he patient’s relatives and friends only spoke German with
im according to advice of the responsible speech and language
athologist.

CQ was examined in our unit 32 months after the stroke.
sing the Aachen Aphasia Test, his (German) aphasic syndrome
as determined as moderate amnestic aphasia with predomi-
antly syntactic and word-retrieval difficulties. No pathological
mixing” (mixing of different languages within one utterance) or
switching” (alternation of languages between utterances) was
vident in the diagnostic assessment (which was accomplished
n German).

. Materials and methods

.1. Language training and testing

The patient was tested before (pre) and after (post) a short-term intensive
experimental) language training (Constraint-Induced Aphasia Therapy, CIAT,

einzer et al., 2005; Pulvermueller et al., 2001) that was accomplished in Ger-
an. The development of CIAT has been guided by neuroscientific knowledge

bout cortical plasticity and includes a heavy training schedule (3 h/day on 10
onsecutive workdays) within a motivating setting. This is achieved by way of
ommunicative language games in an interactive group setting. Communication
as “constrained” to spoken language. A therapist is present to help patients,
henever problems arise during the game (e.g., by prompting with the first letter

n case of word-finding difficulties or by means of semantic cues). Improvements
n language abilities were systematically shaped by increasing levels of task dif-
culty adjusted to the individual patient’s capacities.

Language performance in German was assessed by the standard German
europsychological language test (Aachen Aphasia Test, AAT) and by a self-
eveloped naming test that included 150 photographic objects. Naming of the

bjects was required without response time restriction, while the first response
as scored. Using the same stimuli in a different sequence, word-retrieval in
rench was assessed in the same test sessions before and after training. At the

ime of training no standardised test battery for aphasia was available for the
rench language.
es, T1-weighted MR scan, left = left).

.2. Functional MRI assessment

Magnetic resonance imaging was performed using a 1.5 T scanner (Philips
ntera) at the local neurorehabilitation center (Kliniken Schmieder, Allensbach).
unctional MRI stimulation consisted of two blocked conditions of overt pic-

ure naming which alternated with passive fixation of a cross at the center
f the screen. Conditions (overt naming, passive fixation) were presented in
locks of five consecutive trials, with the sequence of picture naming blocks
eing identical for both assessments while picture sequence varied within each
lock. A total of 16 blocks for each condition were collected (80 naming tri-
ls, 80 fixation trials). Pictures were taken from an internet database (Szekely,
acobsen, D’Amico, & Devescovi, 2004) and included line drawings of objects.
orty of these pictures were included in the training material to be named once

n each daily training session. Stimuli were presented by a visor (VisuaStim,
esonance Technology Inc.) for 3 s, and overt naming was required during

his interval. After a delay of .8 s a whole-brain functional MR volume was
cquired (temporal sparse sampling, Hall et al., 1999). Functional MR echo-
lanar imaging (EPI) was performed with the following acquisition parameters:
epetition time TR = 6 s; acquisition time TA = 2.2 s; 28 transversal slices, slice-
hickness: 4.5 mm; in-plane resolution: 3.6 mm × 3.6 mm, field of view = 230,
cquisition matrix 64 × 64. A total of 160 functional whole-brain volumes were
cquired.

Within two scanning sessions scheduled on the same day, the naming of
he same pictures was accomplished once in German (first) and once in French
second). Two alternative sequences of blocks were used for the two languages.
erbal responses were transmitted from the scanner to a microphone, tape-

ecorded and transcribed after scanning. No overt response was required for the
ontrol condition (fixation). Written informed-consent was obtained from CQ.
he study was approved by the Local Ethics Committee and in accordance with

he Helsinki Declaration.

.3. Functional MRI pre-processing

Functional MRI pre-processing was performed using Statistical Paramet-
ic Mapping (SPM2, Wellcome Department of Cognitive Neurology, London,
K) and included standard SPM slice-timing, realignment, normalization and

moothing (9 mm × 9 mm × 12 mm Gaussian Kernel) routines. During normal-
zation, however, cost-function masking was performed to prevent distortion of
he image due to the lesion (Brett, Leff, Rorden, & Ashburner, 2001). Data were

odeled using a finite impulse response function (Gaab, Gabrieli, & Glover,
006). Anatomical localization of significant voxels within clusters was con-
ucted with the Talairach Demon software using the nearest grey matter option
Lancaster et al., 2000).

Statistical analysis included:

. Investigation of the impact of long-term rehabilitation efforts in German on
activation patterns before the present assessments:
1. Main contrasts were calculated for each language (French and German)

before training (pre) during overt picture naming (Germanpre > Fixation;

Frenchpre > Fixation).

2. Since main contrasts revealed larger activations for German as com-
pared to French during picture naming, we also directly contrasted
naming in German and French controlling for baseline brain activity
[(NamingGerman–Fix) > (NamingFrench–Fix)] both at pre-training.
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. Investigation of the impact of short-term intensive training in German and
the potential transfer to French:
1. Main contrasts were calculated for both sessions (before and after

training: pre/post) separately for each language. Increased activation
after therapy was evaluated as [(Naming–Fix)post > (Naming–Fix)pre].
Increased activation during the first session (before therapy) compared
to the second session (after therapy) for each language was scrutinized
with the inverse contrast.

Voxel thresholds for all contrasts were set to p < .05 family-wise error cor-
rected (FWE) with a cluster threshold of k > 25. Coordinates and statistical
values for peak voxels within significant clusters are reported.

. Post hoc analyses: Since we found increased activation after treatment for
German but not for French a post hoc analysis was performed to confirm a
larger increase of activation across time for German compared to French
in a time × language interaction [(Germanpost–Fix)–(Germanpre–Fix)]
> [(Frenchpost–Fix)–(Frenchpre–Fix)]. The threshold for this contrast was
set to p < .005 uncorrected with a cluster extent of k > 25.

. Results

.1. Language performance

Before training, German responses in the overt fMRI pic-
ure naming task (including a total of 80 pictures) were clas-
ified as correct (N = 38), semantic paraphasias (N = 22), and
don’t know responses” (N = 17/80), while only one phonemic
rror was noted. Switching phenomena [e.g., the Italian “ponte”
nstead of the German “Brücke” for “bridge”] occurred twice.
n contrast, only four pictures were named correctly in French,
hile most responses were “don’t know responses” (N = 68/80).

nfrequently, the patient named pictures in German or Italian
N = 2) and six semantic paraphasias [“cheval” (horse) instead
f “zebre” (zebra)] occurred.

CIAT improved performance in the German naming task

rom 38 to 54 correctly named pictures, while the num-
er of semantic paraphasias decreased after therapy (pre/post:
2/10). The number of correct responses in French remained
ow during both investigations (pre/post: 4/6). Results of Ger-

a
S
a
o

able 1
est performance during fMRI in the overt picture naming task for German and Fren

German

Before training

Correct Semantic
error

Phonemic
error

Don’t know
responses

Switchinga

(French/Italian)

rained 18 12 1 8 1
ntrained 20 10 0 9 1

otalb 38 22 1 17 2

French

Before training

Correct Semantic
error

Phonemic
error

Don’t know
responses

Switching
(German/Italian)

otal 4 6 0 68 2

a “Switching” phenomena here refers to semantically correct word-retrieval during
b Half of the stimuli were trained during the 2-week intensive training period, there
an and French naming performance are summarized in
able 1.

This pattern was confirmed by performance in the repeated
aming test that was performed without any fMRI scanning.
aming in German further improved from 80 to 109 (out of 150)

orrectly named pictures after training, while correct naming
esponses in French increased only marginally from 15 to 17
tems.

Recovery of CQ’s German aphasia after CIAT was further
ubstantiated by significant improvement in the profile score
nd the Token Test of the AAT, which serve as measures of
he global severity of aphasia (pre/post profile score: 52.8/55.4;
oken Test raw score: 32/17 errors), as well as the subscales
and 4 of the AAT-naming subtest (pre/post: naming of col-

rs 21/27 points; naming of situations: 15/20; the entire nam-
ng subtest only marginally failed to reach significance 75/89
oints).

.2. Functional MRI results

Before training, German picture naming (compared to fix-
tion) elicited activation in a large, mainly right-hemispheric,
etwork that included occipital, fronto-temporal and parietal
egions (Fig. 2). In contrast, activation by French naming
ttempts was confined to occipital and fronto-parietal regions
nd the frontal activation pattern appeared less pronounced com-
ared to German. No activation was found in temporal areas (see
able 2 for details).

More pronounced activation by German compared to French
icture naming before training was substantiated for the right
uperior temporal sulcus (STS) and middle temporal gyrus
MTG), i.e., areas homologue to the left-hemispheric areas

ffected by the lesion. This cluster (k = 82) was located in the
TS (peak activation x = 52, y = −26, z = −2, T = 6.7 in STS),
lthough extending mostly into the middle temporal gyrus (73%
f the activated voxels were located in the MTG). No signifi-

ch

After training

Correct Semantic
error

Phonemic
error

Don’t know
responses

Switching
(French/Italian)

35 2 0 4 0
19 8 0 11 1

54 10 0 15 1

After training

Correct Semantic
error

Phonemic
error

Don’t know
responses

Switching
(German/Italian)

6 4 0 66 4

fMRI in the wrong language.
fore German responses can be subdivided in trained and untrained stimuli.
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Fig. 2. SPM-glass brain depiction of the activation pattern at the first investigation for the (a) German and (b) French version of the naming task during fMRI
compared to the baseline condition (p < .05, FWE-corrected, k > 25).

Table 2
Summary of the fMRI activation pattern for the main contrasts (NamingGerman > Fixation; NamingFrench > Fixation) at the first investigation

Region Hemi German > Fixation French > Fixation

BA k x y z T BA k x y z T

Occipital
Inferior occipital LR 18 4186 −39 −84 −8 17.84 18 1400 −3639 −94 −8 13.61
Lingual gyrus R 18 44 9 −64 3 6.41 18 1302 −85 −18 11.54

Temporal
Superior temporal R 216 264 50 −24 −4 10.61

103 3 14 49 5.75

Frontal
Middle frontal R 9 140 48 16 35 7.16

46 95 50 36 18 7.07

Medial frontal L 6 80 2 −6 61 6.65 6 49 0 0 58 6.23
Inferior frontal R 46 57 53 38 9 6.91
Precentral RL 6 341 56 2 36 11.27 4 43 −45 −9 50 6.42
Anterior cingulum L 24 38 −9 26 −1 6.46

Parietal
Superior parietal L 7 45 −27 −71 45 8.08 7 121 −27 −68 45 8.00

R 7 90 33 −62 47 6.99

L = left, R = right; Hemi = Hemisphere; BA = Brodman Area; k = cluster extent; x/y/z = Talairach-coordinates and T-values referring to maximally activated voxel for
e struc
D

c
f

t
p
n
N
o

e
I
r
z
T

T
y

4

t
t
a

ach significant cluster; voxel threshold p < .05 FWE-corrected, k > 25, anatomic
emon software (Lancaster et al., 2000).

ant differences for the inverse contrast (French > German) were
ound.

After training, German naming additionally activated fronto-
emporal areas of both hemispheres, as confirmed by the com-
arison of activity patterns across assessments (Table 3), while
o differences could be substantiated for (the untrained) French.
o enhanced activation in pre- compared to post-training was
bserved for either language.

The interaction time × language confirmed the differential
ffect of therapy on brain activation in the two languages.

ncrease of activation was more pronounced for German in
ight and left frontal areas (left medial frontal: x = −12, y = 53,
= 6, T = 5.4; k = 551; right medial frontal: x = 24, y = 39, z = 26;
= 4.89; k = 301; right inferior frontal: x = 36, y = 20, z = −14;

m
t
i
p

tures have been determined using the nearest grey matter option of the Talairach

= 4.7; k = 242) and the right inferior parietal lobe (x = 45,
= −59, z = 47; T = 3.8; k = 214).

. Discussion

In the present case report functional imaging allowed us
o disclose the neural substrate of training-induced differen-
ial recovery of lexical access and production. This differential
spect was emphasized by training only one language in a for-

erly bilingual person. The overt picture naming task allowed

he observation of the actual performance of the patient dur-
ng scanning – that is, the brain activation can be monitored in
arallel with the actual process or function.
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Table 3
Summary of bilaterally increased functional activation after therapy (post > pre) during the German version of the overt naming task

Region Hemi BA k x y z T

Temporal
Inferior temporal L 20 79 −56 −10 −30 6.91

Frontal
Superior frontal R 9 35 9 51 25 7.48

Medial frontal R 98 45 24 36 20 6.16
8 27 −9 37 42 6.14

L 8 36 −15 50 9 6.85

Middle frontal L 47 66 −30 38 −4 5.50
Anterior cingulate R 32 58 18 43 −10 8.95

Occipital
Occipital (Cuneus) R 18 63 6 −92 21 6.73

L x/y/z =
e struc
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= left, R = right; Hemi = Hemisphere; BA = Brodman Area; k = cluster extent;
ach significant cluster; voxel threshold p < .05 FWE-corrected, k > 25, anatomic
emon software (Lancaster et al., 2000).

In pre-training data, the activation pattern induced by nam-
ng in German and in French reflects the effects of the preceding
tandard rehabilitation efforts, which had extended across the 32
onths since the stroke and which were exclusively focused on

he German language. Indeed, better performance in the nam-
ng task in German (compared to French) was accompanied by
istinct patterns of activation. The most pronounced difference
etween the two languages at the pre-training period was seen in
he right superior temporal sulcus/middle temporal gyrus, that
s, in areas homologous to those affected by the left-hemispheric
esion. Activation in left-hemispheric superior and middle tem-
oral cortices is related to semantically driven lexical search and
as consistently been reported for tasks that involve verbal pro-
uction (Fiez, Raichle, Balota, Tallal, & Petersen, 1996; Murtha,
hertkow, Beauregard, & Evans, 1999). Further evidence points

o activation of homologue right-hemispheric regions during lex-
cal semantic processing in healthy subjects and aphasics alike
Cappa, 2000; Leger et al., 2002; Murtha et al., 1999; Musso
t al., 1999). For example, Cardebat et al. (2003) used positron
mission tomography (PET) in the study of changes of brain acti-
ation during long-term recovery (from 2 months post-stroke to
12 months) of aphasia using verb and noun generation tasks.
ncreased activation in superior temporal regions of both hemi-
pheres was associated with improved language performance at
escanning after 1 year. Still, functional neuroimaging of lan-
uage in normal subjects may show a set of brain regions whose
ctivation is related to the task, but not actually “necessary”
or its performance (Price, Mummery, Moore, Frakowiak, &
riston, 1999). The activations observed in the right hemisphere
uring language tasks may have a functional significance, with-
ut being necessary for their execution. Accordingly, they could
eflect the persistent automatic activation of a subsidiary lan-
uage, whose function is inhibited by the preponderant left-sided
ystem. Noteworthy, this “dormant” system could partially com-

ensate for the effects of left-sided lesion and aphasia, at some
tages of recovery.

In the present study, activation of the right superior tempo-
al lobe was substantiated for German but not French naming.

e
d
t
e

Talairach-coordinates and T-values referring to maximally activated voxel for
tures have been determined using the nearest grey matter option of the Talairach

his increased activation may well be an effective contribution
o the recovery of function as induced by long-term speech and
anguage therapy, and the language-differential activation pat-
ern seen in the superior temporal regions might account for the
nhanced recovery of German in contrast to the poor naming
erformance for French. Still, other factors next to the treatment
rovided might have contributed to the differential activation
attern found at the first investigation. For example, we were
ot able to investigate the patient’s language abilities for French
nd German and related activation patterns immediately after the
troke (i.e., prior to the long-term treatment interval). Therefore,
e cannot completely rule out that a more pronounced activation
attern for German was already present at an early post-stroke
tage. In the same vein, it might even be argued that the absence
f exposure or use of French would even have inhibited using
his language. Evidence for this assumption comes from a study
y Pallier et al. (2003): in this study, a sample of adult Korean
ubjects who were adopted by French families early in life was
nvestigated using fMRI while listening to sentences in French,
orean and other languages they were not capable of. The brain
ctivation pattern elicited by Korean sentences resembled that
f the “other languages”, while the activation pattern of the
ater and perfectly acquired French was comparable between
he Korean subjects and native speakers of French.

Furthermore, one might argue that the large difference
etween the two conditions in temporal areas is related to the
uditory processing of the subject’s own articulation. While pic-
ure naming in German was often accompanied by articulation,
uring the French naming task most responses were accompa-
ied by silence or “don’t know” responses. Thus, there might
ave been a difference in the total amount of auditory process-
ng demands for the two conditions, and since we did not ask
he patient to make a standard utterance if he could not name

picture, this explanation cannot be ruled out entirely. How-

ver, STS and MTG are functionally and anatomically clearly
istinct from more basal auditory processing areas in superior
emporal gyrus where perception of one’s own voice would be
xpected to yield activation (e.g., Fu et al., 2006). Still, the
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nclusion of a more complex baseline task would not only have
olved the issue of auditory feedback, it would also have allowed
o investigate, whether the fMRI pattern reflected problems in
ord finding, phonetic production, or a combination of the two,
hich could not be addressed with the design of the present

tudy.
A short-term intensive (experimental) training that was per-

ormed in German further improved naming and reduced aphasia
everity. This improvement of language functions 32 months
fter stroke can be attributed to the training, as no further spon-
aneous improvements of language functions in aphasia are to
e expected in such a late chronic stage of aphasia (Robey,
998). Improved naming performance during fMRI was accom-
anied by increased activation in perilesional and contralesional
egions for the trained/improved (German) language, while the
ctivation pattern of the untrained/unimproved (French) lan-
uage remained unchanged. This was confirmed by the post hoc
nalysis that directly compared the change of activation across
ime, and it also revealed more pronounced activation bilater-
lly for the German compared to the French naming condition
n frontal (inferior and medial frontal areas) and inferior parietal
reas.

Our results indicate that training-induced plastic changes of
rain functions may not generalize to naming performance in
ther languages, not even in an early bilingual subject who had
cquired the other language before the age of 3 years and used
oth languages on a regular basis until the onset of aphasia.
owever, the results of the present study are based on a sin-
le patient and the severity of aphasia was different across the
wo languages. In addition, given the large perisylvian lesion,
he pattern of recovery from aphasia in German seems to be
typical (moderate amnestic aphasia instead of the expected
evere Broca’s aphasia). The enhanced recovery potential in this
atient might have been be mediated by the fact that bilingual
atients have more bilateral organization of language networks
er se (for a recent review see Hull & Vaid, 2006) and possi-
ly be related to the reactivation of previously inhibited right-
emispheric brain structures (due to transcallossal inhibition).
oreover, there is no standardized version of the AAT for French
hich would have allowed a direct comparison of the patient’s
erman and French language skills other than naming. Even

hough out of the scope of this report, we can therefore not rule
ut some transfer to the second language for other language
unctions than word-retrieval. Unfortunately, a more special-
zed test battery which would have allowed a direct comparison
etween different languages (e.g., Bilingual Aphasia Test, BAT,
aradis, 2001), was not available at our institution at the time of

esting.
In general, there is considerable variability in brain areas

esponsible for recovery of language functions in aphasic
atients. Several previous studies that investigated naming
erformance in aphasia (e.g., Fernandez et al., 2004; Perani
t al., 2003) found enhanced recovery of language func-

ions to be related to reintegration of left-hemispheric (per-
lesional) brain regions. Moreover, even though the critical
ole of right-hemispheric areas to recovery have also been
mphasized (Crosson et al., 2005), others have interpreted
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ncreased contralesional activation in aphasia as a compen-
atory/dysfunctional mechanism (e.g., Naeser et al., 2005).
raining-related reorganization of language following CIAT in

he chronic stage of aphasia has previously been reported in per-
lesional areas (Meinzer et al., 2004) and bilaterally (Meinzer
t al., 2006; Pulvermuller, Hauk, Zohsel, Neininger, & Mohr,
005). In line with these findings, the present study disclosed
ncreased activation for the German naming task mainly in
erilesional inferior temporal and medial frontal regions and
ight-hemispheric areas homologue to the lesion after 2 weeks
f intensive training. The increased activation in perilesional
reas is consistent with activation of a large network involved
n semantic processing found in healthy subjects during pic-
ure naming tasks (Murtha et al., 1999), while activation in the
ight anterior cingulate gyrus might be related to response mon-
toring and increased cognitive control during lexical retrieval
Kerns et al., 2004). Furthermore, the middle and medial frontal
ortices have been linked to controlled retrieval of sematic
nformation from working memory, while inferior temporal
reas have been implicated with retrieval of associative knowl-
dge (Sharp, Scott, & Wise, 2004; Warburton, Price, Swinburn,

Wise, 1999). Therefore, in the present study, significant
mprovement (in German) after CIAT was not only accompa-
ied by enhanced activity in the previously (at the first inves-
igation) activated areas but rather resulted in a bilateral (re-)
ecruitment in areas that had not been activated by the nam-
ng task. The fact that both hemispheres were involved in
mproved task performance was possibly mediated by the afore-
entioned more bilateral organization of language networks in

ilinguals.
We did not include a repeated baseline assessment of lan-

uage functions and associated brain activation patterns in the
resent case study – still, the patient was in the late chronic
tage of aphasia and one would not expect substantial spon-
aneous improvement of language functions without training
Robey, 1998). Moreover, improvement was found (a) within

very short time interval and (b) was evident not only in a
ingle isolated test, but rather in two naming tests (in- and out-
ide of the scanner) and in the AAT. Moreover, only recently
e assessed the stability of connected speech measures in 16
atients with chronic aphasia across repeated baseline sessions
Barthel, Djundja, Meinzer, Rockstroh, & Eulitz, 2006). Lan-
uage functions were comparable across the baseline interval
2 days), while significant improvement was substantiated in
third test following 2 weeks of intensive language training.
oncerning the stability of the fMRI results: stability of per-

ormance and brain activation across repeated fMRI scans has
een demonstrated in two recent studies testing chronic apha-
ic patients during a non-verbal semantic (Kurland et al., 2004)
nd object naming task (Fridriksson, Morrow-Odom, Moser,
ridriksson, & Baylis, 2006). Moreover, in a previous single case
eport (Meinzer et al., 2006) we compared language functions
n an aphasic patient and three healthy subjects using exactly the

ame fMRI design as in the present study and found no increased
ctivation across the 2-week time interval in (untrained) controls,
hereas increased activation in the patient was associated with

mproved naming performance. Therefore, we are confident that



1

t
e
r

i
b
K
b
e
O
F
a
a
i
e
&
t
i
8
n
B
t
t
[
r
w
r
2
w
t
n
i
i
c

t
D
c
t
p
a
o
r
i
a
a
w
T

o
l
z
p
i
i
p
t

(
l
a
2
(
q
i
p
s

r
s
n
m
a
(
&
p
i
d
s
i

A

m
t
a
G
R

R

B

B

C

C

C

C

D

D

254

he results/improvements across different language tests and the
nhanced activation pattern for German compared to French are
elated to the training.

The fact that previous studies found no language differences
n the brain regions associated with naming performance in early
ilinguals without brain injury (e.g., Hernandez, Martinez, &
ohnert, 2000) ties the changes in behavioral performance and
rain activation pattern in this early bilingual aphasic patient
ven closer to the treatment provided exclusively in German.
ne explanation for the lack of treatment generalization to
rench could be that the picture naming task we used did not
ppeal to rule-governed phenomena (as would morphosyntactic
nd phonological tasks). Therefore, one would not necessar-
ly expect transfer to the untreated language, with the possible
xception of cognates (Detry et al., 2005; Kohnert, 2004; Lalor

Kirsner, 2001; Roberts & Deslauriers, 1999). Even though
he present study was not specifically designed to elucidate the
nfluence of cognate nouns on naming performance, 26 of the
0 stimuli that were used for fMRI stimulation were cognate
ouns [e.g., German-French (English): Rasierer-rasoir (shaver),
ank-banc (bench), Kaenguru-kangourou (kangaroo)]. Still, at

he first investigation the patient correctly named four pic-
ures in French, only one of which was classified as a cognate
Harfe-harpe (harfe)]. After treatment the number of correct
esponses during the French version of the fMRI naming task
as comparably low as during the first assessment (six cor-

ect responses, including three cognates). Given that 12 of the
6 cognates that were part of the stimulus set during fMRI
ere trained once a day [during intensive German language

raining], the improvement is apparently low for cognates and
on-cognates. Basically no advantage was found for the nam-
ng of cognates nouns at the first investigation or after daily
ntensive training, which also included a substantial number of
ognates.

Moreover, from a more psycholinguistic perspective several
heoretical models of language processing in bilinguals (e.g.,
ijkstra, Grainger, & van Heuven, 1999) assume shared con-

eptual lexical representations for different languages. Under
he assumption of automatic coactivation of word forms and/or
honological aspects of competing languages a considerable
ctivation in the French naming condition should have been
bserved. Even though tentative, the results of the present case
eport seem to argue rather for a more direct access to conceptual
nformation for each language. This would be in line with the
ssumption, that only in the early stages of (second) language
cquisition access to meaning is mediated by the first language,
hile in later stages a more direct route might be used (Kroll &
okowicz, 2001).

In sum, the present case study represents a promising example
f use and/or training-related differential recovery of expressive
anguage functions and concomitant functional brain reorgani-
ation which might be explained by Hebbian learning, i.e., the
rogressive use of a single language may functionally enhance

ts network without improving the other language. Interestingly,
t has been shown that healthy (unbalanced) bilinguals during
icture naming in their non-dominant language may be unable
o inhibit activation of the picture name in their native language

D

Hermans, Bongaerts, de Bot, & Schreuder, 1998). This has been
inked to enhanced recovery of the native language in bilingual
phasics following treatment (Hinckley, 2003; Lalor & Kirsner,
001), in the sense, that picture naming treatment in aphasia
even though provided in both languages) results in more fre-
uent activation of the native language and concomitant greater
mprovement (cf. Hinckley, 2003). The same might be true for
atients where only one language has been treated following
troke, as in the present case.

This was verified by the differential recovery due to long-term
ehabilitation and further improvement after short-term inten-
ive language training even in the late stage of aphasia, where
o further spontaneous improvement is to be expected. Further-
ore, it is believed that there is large overlap of brain regions

ssociated with language production tasks in early bilinguals
Crinion et al., 2006; Hernandez et al., 2000; Kim, Relkin, Lee,

Hirsch, 1997). Therefore, the resulting differential recovery
attern of expressive language functions in German and French
s even more striking and serves as a within-patient control con-
ition. It allows attributing the differences between languages
olely to (training-induced) reorganizational processes follow-
ngs stroke.
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