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Rapport de synthèse 

Patterns de récupération auditive au décours de lésions hémi
sphériques focales: relation entre déficit durable et dommage à des 
réseaux spécialisés 

Objectif: 

Les déficits cognitifs présents dans la phase aiguë d'une lésion hémisphérique focale ont tendance 
à être de nature plus importante et plus générale que les déficits résiduels qui persistent dans la 
phase chronique de récupération. Nous avons investigué, dans le cadre de ce travail, les modèles 
de récupération auditive et la relation qui se dessine entre les déficits et les dommages relatifs à 
des réseaux spécifiques, pris comme modèle cognitif des fonctions auditives. 

De nombreuses études humaines dans les domaines de la neuropsychologie, de la psychophysi
que ainsi que des études d'activation suggèrent que les processus de reconnaissance et de 
localisation sonores sont effectués par l'intermédiaire de réseaux distincts tant sur le plan 
anatomique que fonctionnel : il s'agit des zones de traitement du « What » et du « Where », qui 
sont toutes deux présentes dans les deux hémisphères. Des études ont démontré que des lésions 
hémisphériques focales gauches ou droites, centrées sur ces réseaux, sont associées dans la phase 
chronique de récupération à des déficits correspondant en ce qui concerne la reconnaissance 
et/ou la localisation sonore. 

Méthode: 

Dans le cadre de ce travail, nous avons analysé les résultats concernant les performances auditives 
chez 24 patients ayant subi des lésions hémisphériques focales avec déficits secondaires dans des 
tâches de reconnaissance, de localisation et/ou de perception du mouvement sonore lors d'un 
premier testing effectué en phase aiguë (9 patients), en phase subaiguë (6 patients) ou en phase 
chronique précoce (9 patients). La totalité de ces patients ont bénéficié d'un second testing en 
phase chronique. Les observations effectuées ont servi à l'élaboration de patterns de récupération 
auditive. 

Résultats: 

Tous les 24 patients avaient initialement un déficit dans le domaine de la localisation et/ou de la 
perception du mouvement sonore. Dans la phase aiguë, ce déficit survenait sans atteinte 
spécifique du réseau « Where »chez presque la moitié des patients; en revanche, cette situation 
n'était jamais observée chez les patients testés en phase chronique précoce. 

Une absence de récupération avait tendance à être associée à un dommage spécifique au réseau 
concerné ainsi qu'à la persistance d'un déficit au-delà de la phase aiguë. Les déficits résiduels 
n'étaient par ailleurs pas strictement en lien avec la taille lésionnelle ou l'étendue de l'atteinte du 
réseau spécifique. 

Conclusion : 

Nos résultats suggèrent que des mécanismes distincts sous-tendent la récupération et la plasticité à 
différentes périodes temporelles post-lésionnelles. 

Mots-clefs : 

Cortex auditif; phase aiguë, subaiguë et chronique de récupération ; plasticité ; « What » et 
« Where » 



RestorativeNeurology andNeurosdence 25 (2007) 285-294 
IOS Press 

285 

Patterns of recovery following focal 
hemispheric lesions: Relationship between 
lasting deficit and damage to specialized 
networl(s 

Beatrice Reya, Rolf Frischknechta, Philippe Maederb and Stephanie Clarke a,* 
"'Service de Neuropsychologie et de Neuroréhabilitation, CHUV, Lausanne, Switzerland 
b Service de Radiodiagnostic et Radiologie interventionnelle, CHUV, Lausanne, Switzerland 

Abstract. Purpose: Cogrùtive deficits that are present in the aoute stage of a focal hemispheric lesion tend to be greater and 
more general than residual deficits, which persist into the chrorùc stage. We have investigated the patterns of recove1y and 
the relationshlp between deficits and damage to specialized networks taking as model auditory cogrutive functions. Evidence 
from human psychophysical, activation and neuropsychological studies suggests that sound recogrùtion and sound localization 
are processed in anatomically and functionally distinct cortical networks, the auditory "What" and "Where" prooessing streams, 
that are each present in both hemispheres. Focal left or right hemispheric lesions centred on these networks were found to be 
associated, in the chronic stage, with the cortesponding deficits in sound recognition andfor sound localization. 
Methods: We report here on recovery patterns in 24 patients who sustained focal hemispheric lesions and were deficient in sound 
recogrùtion, sound localization and/or sound motion perception at a first evaluation in the acute (n = 9), subacute (n = 6) or 
early chronic stages (n = 9). 
Results: All 24 patients had illitially a deficit in sound localization and/or sound motion perception. In the aoute stage this deficit 
occurred without damage to the auditory "Where" stream in almost half of the patients, a situation whlch was never observed in 
the early chronic stage. Lack ofrecovery tended to be associated with damage to the specialized stream plus the persistence of 
deficits beyond the aoute stage, and was only loosely related to the size of the lesion and to the extent of damage to a specialized 
network. 
Conclusions: Our results suggest that different mechamsms underlie deficits and recovery at different time points. 

Keywords: Auditory cortex, aoute stage, subacute stage, chronic stage, plasticity, "What" and "Where" 

1. Introduction 

Increasing amount of evidence suggests that recov
ery from cognitive or motor deficits following focal 
hemispheric lesions relies on the recruitment of cor
tical areas that sustain these functions in normal sub-

*Corresponding author: Prof. S. Clarke, Service de Neuropsy
chologie et de Neuroréhabilitation, CHUV, 1011 Lausanne, Switzer
land. Tel.: +41 21 314 13 09; Fax: +41 21 314 13 19; E-mail: 
Stephanie.Clarke@dmv.ch. 

jects plus areas that do not (Rijntjes, 2006). Recovery 
from aphasia was shown to be associated with enhanced 
speech-related activity in the left and the right hemi
sphere. Enhanced activity within the left hemisphere 
tended to be associated with better outcome, but the 
activation of specific right hemispheric foci was also 
correlated with recovery of specific language tasks (for 
recent reviews see e.g. Heiss & Thiel, 2006; Jordan & 
Hillis, 2006; Price & Crinion, 2005; Rijntjes, 2006). 

The interpretation of activation data from aphasia re
covery studies is difficult, partially because relatively 
the functional organisation of cortical areas involvedin 

0922-6028/07/$17.00 © 2007 - IOS Press and the authors. Ali rights reserved 
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language in normal subjects are not fully understood. 
As in sensory systems, language appears to involve 
parallel processing streams, such as those for semantic 
and syntactic processing (e.g. Friederici, Ruschemey
er, Hahne & Fiebach, 2003; Pulvennuller, Assadollahi 
& Elbert, 2001; Viceic et al., 2006), but their precise 
anatomical substrate, including intra- and interareal or
ganisation, and their contribution to recovery after le
sions remain unknown. For this reason, we propose 
to investigate postlesional plasticity in a system that 
is closely related to language, audition, and for which 
more detailed anatomical and functional data are avail
able. 

Converging evidence from anatomicaL physiologi
cal and lesion studies suggests that different attributes 
of sound, and in particular soundrecognition andsound 
localization, are processed in at least partially inde" 
pendent cortical networks. The existence of separate 
processing streams for sound recognition and sound 
localization was initially proposed in non-human pri
mate studies (for reviews see Kaas, Hackett & Tramo, 
1999; Rauschecker & Tian, 2000). A similar organi
sation was shown to existinman. Short-tenu memory 
tasks for sound content and sound localizationrevealed 
specific interference, suggesting that each aspect was 
supported by a distinct neural population (Anourova 
et al., 1999; Clarke, Adriani & Bellmann, 1998). Di
rect anatomical comparison ofthese processing streams 
was demonstrated in fMRl studies ofnonnal subjects: 
sound recognition was shown to activate specifically a 
subset of non-primary auditory areas (Warren, Zielins" 
ki, Green, Rauschecker & Griffiths, 2002) and, on the 
convexity, the middle temporal gyrus and precuneus bi
laterally and the posterior part of the left inferior frontal 
gyrus, while sound localization activated the lower part 
of inferiorparietal lobule and posteriorparts of the mid
dle and inferior frontal gyri (Alain, Arnott, Hevenor, 
Graham & Grady, 2001; Maeder et al., 2001). These 
findings were further confirmed electrophysiologically 
(Alain et al., 2001; Anourova et al., 2001; De Santis, 
Clarke & Murray, 2007) and by other sound recogni" 
tion (Engelien et al., 1995) or auditory spatial studies 
(Bushara et al., 1999; Griffiths, BucheL Frackowiak & 
Patterson, 1998; Weeks et al., 1999; Zatorre, Bouffard, 
Ahad & Belin, 2002; Ziemann, Hallet & Cohen, 1998). 
Further evidence for separate neural networks for sound 
recognition and sound localization cornes from patient 
studies. Relatively large lesions centred on the sound 
recognition or sound localization networks were found 
to be associated in the chronic stage with the corre
sponding deficits following right or left hemispheric le-

sions (Clarke, Bellmann, Meul~ Assal & Steel<, 2000; 
Clarke et al., 2002; Fujii et al., 1990; Griffiths et al., 
1997; Griffiths et al., 1996; Jerger, Lovering & Wertz, 
1972; Rosati et al., 1982; Spreen, Benton & Fincham, 
1965). 

Although auditory cognitive deficits may persist into 
the chronic stage, some patients recover nonn al perfor
mance. We report here on patterns of recovery in three 
specific auditory cognitive functions - sound recog
nition, sound localization and sound motion percep
tion - and explore the relationship between persistence 
of deficits and damage to specific auditory networks. 
We postulated two main hypotheses that we investigat" 
ed here. First, lasting deficits in a given domain would 
not occur without damage to major parts of the cor
responding specialized networks. Second, the persis
tence of deficits into subacute and early chronic stages 
would decrease the probability of recovery. 

2. Methods 

2.1. Subject<> 

Twenty-four patients who sustained focal hemispher
ic lesions were included in this study (see Table 1); 
15 were male and 9 female; the mean age was 47.4 
years (SD = 12.1 years) for the whole patient popula
tion, 50.1 years (SD = 7.1 years) for the female and 
45.7 years (SD = 14.3 years) for the male patients. 
Fifteen patients sustained right hemispheric lesions (8 
male and 7 female; mean age 47.7 years, SD = 12.3 
years); 8 a left hemispheric damage (6 male and 2 fe
male; me an age 44.1 years, SD = 10.5 years) and 1 
a left and right hemispheric damage. Auditory cogni" 
tive perfonnance was first evaluated in the acute stage 
(i.e., 4 to 13 days postlesion) in 9 patients, ( 4 male and 
5 female, mean age 42.3 years, SD = 10.1 years); in 
the subacute stage (14 days to 1 month postlesion) in 
6 other patients (3 male and 3 female, mean age 47.2 
years, SD = 13.4 years); or in the early chronic stage 
(> 1 month postlesion) in 9 other patients (8 male and 
1 female, mean age 52.6 years, SD = 12.2 years). It 
is to be noted that in the acute stage the condition of 
patients who were included in the subacute and early 
chronic stages did not allow them to be tested with our 
complete and rather demanding battety. All patients 
had a second evaluation 9 to 55 months later. These pa
tients were recruited from in-patients of the University 
Hospital in Lausanne and met the following criteria: i) 
deficit in sound recognition, sound localization and/or 
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soundm otion perception in the initial testing; ii) no pri
or neurological or psychiatrie illness; iii) no history of 
cranio-cerebral traumatism; iv) normal hearing thresh
old in tonal audiometry; v) delimited lesion on MRI 
and/or CT; vi) absence of major cognitive deficits; vii) 
absence of drug therapy which influence GABAergic 
inhibition and viii) satisfactory collaboration at testing. 
The 9 patients included in the acute stage were already 
part of a previous study; as stated there they were tested 
at a time when the penumbra was dissolved (Adriani 
et al., 2003). The study was approved by the Ethics 
Committee for Clinical Research, Faculty of Biology 
and Medicine, University of Lausanne, and informed 
consent was obtained from all patients. 

Sound recognition, sound localization and sound 
motion perception were investigated with tests, which 
were digitally constructed on a Power Macintosh 81 OO 
equipped with an audiomedia card and the software 
Protocols Powermix and Sound Designer II. During the 
testing session the patients satin a quiet room, hearing 
the stimuli through earphones linked to the computer. 

2.2. Recognition of environmental soumis 

Semantic recognition of environmental sounds was 
tested by presenting the patient with 50 samples of en
vironm ental sounds from different sem antic categories, 
each ofwhich lasted 7 seconds. Each ofthese samples 
was accompanied with a multiple choice display of 5 
drawing with the corresponding words: the target and 
4 distractors which were acoustically and semantically 
related to the sound; only semantically related; only 
acoustically related, or neither semantically or acous
tically related. The patient had to point out the correct 
drawing or word. A detailed description of the test and 
normative data on 60 normal subjects were published 
previously (Clarke, Bellrnann, DeRibaupierre & Assal, 
1996). 

2.3. Sound localization 

Localizationofstationary soundswas testedby stim
ulating different azimuthal positions of a sound source 
by varying interaural time difference (ITD). The stim
ulus was a 2 s broadband bumblebee sound, shaped 
with 100 ms rising and falling times, and presented 
through earphones. Four lateral positions, 2 in each 
hemisphere, were simulated by delayingthe leftorright 
channel by 0.3 ms or 1 ms. The central position was 
created by absence of interaural time difference. The 
task consisted of 60 items, 12 in each position, present-

ed in pseudorandom order. The patient had to point the 
perceived position on the graduated half-circle on the 
headphones. An angular value of the position (from 0 ° 
at the vertex, to 90° at each ear) was deteIIDined as a 
measure of overall perfoIIDance, the relative position 
attributed to two consecutive stimuli was compared. A 
response was counted as correct when a stimulus was 
correctly placed to the left or the right of the previous 
stimulus in correspondence with the difference in ITD 
or within ± 15° of the previous location for identi
cal ITD. The individual scores were converted into z 
scores relative to the mean and the standard deviation 
of the control population(see Fig. l). Detailed descrip
tions of normative data on 60 subjects were published 
previously (Clarke et al., 2000). 

2.4. Sound motion perception 

Sound motion perception was tested by creating an 
illusion of sound motion in the azimuthal plane by 
changing ITD progressively. The stimulus was a 2.3 s 
m otorcycle sound shaped with 1 OO ms rising and falling 
times. Six different motions were simulated: extreme 
left to extreme right, extreme left to midsagittal place, 
extreme right to midsagittal plane and their reverse. 
The patient had to indicate the trajectory with his/her 
hand on the graduated half-circle on the headphones. 
detailed description ofthis test and noIIDative data on 
60 subjects have been previously reported (Clarke et 
al., 2000). 

2.5. Anatomical evaluation 

Anatomical evaluation was obtained by using the 
normalized coordinate system of Talairach and Tour
naux (1988) for the comparison of sites of lesion. Le
sions were delineated on MRI and/or CT by superim
posing the Talairach grid on the images based on am an
ual selection of the anterior and posterior commissures 
and of the anterior, posterior, top, bottom and lateral 
limit of the brain (same procedures as in Adriani et al., 
2003; Clarke et al., 2000; Clarke et al., 2002). For each 
lesion the implicated cuboïds of the Talairachgrid were 
identified. 

The lesions then discribed in terms of damage toi) 
the auditory "What" stream; ii) the auditory "Where" 
stream; and iii) the auditory structures shared by both. 
The shared auditory structures included the auditory 
thalamus, the acousticradiationandHeschl's gyrus, the 
auditory callosal pathways and areas that were equal
ly activated by the sound recognition and sound local-
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Fig. 1. Recovery pattern in sound recognition (top), sound localization (middle row) or sound motion perception (bottom) and lesion size in 
patients included in the acute (left), subacute (middle column) or early chronic stages (right). The number of damaged Thlairach cuboids is 
on the x-axis, the z-score of pe1formance in a given function on the y-axis (grey hatching indicates normal pe1fo1mance). Diamonds denote 
performance al the first, squares al the second testing; inteffupted lin es mark norrnalization of perfonnance, grey symbols persistence of deficits 
or deterioration. 

ization tasks (Maeder et al., 2001) on the supratempo
ral plane or on the middle prefrontal gyrus (for details 
and the list of the involved Talarach cuboids, see Adri
ani et al., 2003). The sound recognition network (the 
"What" network) and the sound localization network 
(the "Where" network) included clusters identified in 
our previous study (Maeder et al., 2001) and the list of 
the corresponding cuboids was published in a previous 
study (Adriani et al., 2003). The shared auditory struc
tures includes 51 cuboïds in the right hemisphere and 
45 in the left; the "What" network 29 cuboïds in the 
right hemisphere and 44 in the left; and the "Where" 
network 34 cuboïds in the right hemisphere and 18 in 
the left. 

3. Results 

3.1. Selective and combined deficits 

From the 9 patients included in the acute stage 3 had 
a selective deficit in sound localization and 2 in sound 

motion perception; 3 a combined deficit in sound lo
calization plus sound motion perception; and 1 a triple 
deficit in sound recognition, sound localization plus 
sound motion perception (see Table 1). From the 6 
patients included in the subacute stage 1 had a selective 
deficit in sound localization and 1 in sound motion per
ception; 1 a corn bined deficit in sound localization plus 
sound motion perception and 2 a combined deficit in 
soundrecognition plus sound motion perception; and 1 
a triple deficit in sound recognition, sound localization 
plus sound motion perception. From the 9 patients in
cluded in the early chronic stage 2 had a selective deficit 
in sound localization; 1 a combined deficit in sound 
recognition plus sound localization, 4 in sound local
ization plus sound motion perception; and 2 a triple 
deficit in sound recognition, sound localization plus 
sound motion perception. 

3.2. Patterns of recovery 

All patients with a selective or corn bined deficit in 
the auditory spatial domain (sound localization and/or 



Table 1 

Case Age (y) Sex Site of lesion Damage (cuboids) 

K.E. 
MB. 
P.A. 
S.D. 
B.O. 
B.G. 
P.T. 
MM. 
R.A. 

J.J. 

T.T. 
EB. 
C.R. 
B.J. 
B.C. 

A.R. 
P.V. 
M.P. 
L.C. 
G.R. 

B.F. 

S.J. 

43 
31 
45 
23 
48 
57 
43 
50 
41 

51 

51 
64 
55 
32 
30 

68 
49 
56 
34 
48 

71 

57 

Total "What" "Where" 

M 
M 
M 
M 
M 
F 
F 
F 

Test 1 in aœte stage 
Right: Ci, FLI, FLS, FOF, GFi, GP, GPrC, GTs, GTT, HI, Ra, Pu 
Left: Ci, FLS, GFi, GFm, GPoC, GPrC, GTs, GTT, INS, LPi, Pu 
Right: FLS, FOF, GFi, GPoC, GTi, GTm, GTs, LPi,INS 
Right: GTs 
Right: GF, GTi, GTm 
Right: GPoC, Lpi 
Right: Ci, GPrC, GTm, GTs 
Left: GTm 

F Left: FLS, GPoC, GPrC, GSm, LPi, LPs 
Test l ln subacute stage 

40 
50 
41 
10 
16 

6 
5 
5 

19 

F Right: CA, CE, Ci, FLS, FU,GF, GFi, GPoC, GPrC, GTm, GTs, GTT, Hi, INS, LPi, 67 
Pu,Ro 

F Right: FLI, FLS, GSm, GTi, GTm, GTs, Hi, INS, LPi, Ro 
F Right: GFi, GFm, GPoC, GPrC 
M Left: FLI, FLS, FOF, GF, GH, GL, GOi, GOm, GTi, Hi, Ro, Th 
M Right: GFi, GPrC, GTs, GTT 
M Left: Ci, FLS, GFi, GPoC, GPrC, GTm, GTs, GTT, INS, Pu 

Test 1 in early chrome stage 
M Right: FLS, Güm, GPoC, GTi, GTm, GTs, INS, LPi; Left: GFi, GFm, GPrC 
F Right: GC, GFO, GFL, GFm, GFs, GPoC; GPrC; GTs, INS, NC 
M Left: Ca, CC, Ce, Ci, FLS, FOF, FU, GP2, GPl, Hi, NC, Pu, T, Th 

28 
20 
37 
19 
50 

46 
66 
46 

M Right: Ce, Ci, FLI, FLS, Gf, GPoC, GPrC, GSm, GTs, GTT, LPi, Pu, Ro 78 
M Right:CE, FLS, FU, GF, GH, GOm, Gos, GPoC, GPrC; GSm, GTm, GTi, GTs, GTT, 130 

INS, LPi, Pu, Ro 
M Right: CE, CI, Ci, FLS, FO, FOF, FU, GFi, GFm, GPoC, GPrC; GTm, GTs, GTT, ll l 

INS, LPi, Pu, Th 
M Right: CA, CC, CE, CI, Ci, FLI, FLS, FOF, Fu, Ga, GF, GFi, GFm, GH, Gos, GPoC, 154 

GPrC; GSm, GTi, GTm, GT, Hi, INS, LPi, LPs, NC, Pu, Ro, Th 

15 
14 
7 
1 
8 
2 
1 
3 
2 

12 

6 
0 
7 
5 
8 

6 
4 
4 

15 
20 

12 

12 

1 
6 
3 
0 
0 
1 
0 
0 
8 

8 

4 
2 
0 
4 
8 

4 
10 
1 
7 

15 

10 

18 

R 

-6.89 
0.86 

-1.59 
0.46 

-1.99 
0.46 

-0.77 
-0.77 
-0.80 

Test 1 
L 

-2.32 
-2.32 
-3.43 
-2.87 
-2.00* 
-2.87 
-2.87 
-0.64 

0.47 

M 

-3.52 
-2.00* 
-3.07 
-2.51 
-0.50 
-1.06 

0.29 
-2.29 
-2.00* 

-2.40 -2.00* -2.51 

-6.08 
-6.07 
-0.36 
-0.36 

0.46 

0.47 
0.08 

-3.43 
-2.00* 

0.47 

-7.30 -3.45 
-3.03 -10.00 
-2.81 -2.00* 

0.05 -2.87 
0.04 -2.00* 

-2.00* 
-2.00* 
-2.40 
-0.15 
-2.74 

-3.41 
-3.63 
-1.84 
-3.18 
-3.07 

-1.58 -2.87 -3.18 

0.86 -2.00* -2.00* 

Test2 

R L M 

-1.59 0.47 
0.86 1.03 

0.57 
0.86 -1.20 
0.86 -0.08 
0.46 1.03 

-0.77 0.42 

0.05 1.03 

0.46 -1.03 

-6.08 0.47 
-0.77 -2.00* 

0.50 -1.20 
0.86 0.47 
0.46 -0.64 

-0.94 
-0.61 

0.40 
0.18 
0.29 

-0.94 
0.63 

-1.84 
-1.73 

-2.51 

-0.49 
-3.30 
-0.05 
-0.27 
-1.10 

-2.81 -2.00* -2.06 
0.77 -0.08 -3.63 

-8.45 0.47 -2.18 
0.46 -2.31 -0.38 
1.27 0.47 -3.74 

-1.99 -1.75 -1.27 

-0.46 -1.20 -0.38 

P.M. 52 M Left: Ci,FLI,FLS,FOF,GTi,GTm,GTs,GPoC,GPrC,Ro 27 8 1 1.09 -2.87 0.63 1.03 -1.17 
T.O. 38 M Left: CA, GTi, GTm, Gts, Na 26 8 1 -1.99 -2.00* 0.18 -0.36 0.47 0.74 

Patients participating in this study and their performances in sound recognition (R), sound localization (L) and sound motion perception (M). Ali patients were right-handed except C.R. and 
T.O; al! had suffered stroke with the exception of P.V. and T.O. who had ruptured anevrysma. Lesions were analysed on MRI except for T.T., E.B., B.C., M.P., GR., B.F. and T.O., where 
CTwere used. Performance is expressed in z-scores relative to contrai population (N = 60); deficient performance (defined by z equal or smaller than-2) is in bold. M =male; F = female; 
y = years. Anatomical abbreviations: CA= Commissura anterior cerebri, CC = Corpus callosum, Ci = Cingulum, CI = Capsulae interna, Cu = Cuneus, FLI = Fasciculus longitudinalis 
inferior, FLS = Fasciculus longitudinalis superior, FOF = Fasciculus occipito-frontalis, Fu= Fasciculus uncinatus, Ga= Gyrus angularis, GC = Gyrus cinguli, GF = Gyrus fusiformis, GFi 
= Gyrus frontalis inferior, GFm = Gyrus frontalis medius, GFs = Gyrus frontalis superioir, Gh = Gyrus parahippocampi, GL = Gyrus lingualis, GOi = Gyrus occipitalis inferior, GOm = 
Gyrus occipitalis medius, GOs = Gyrus occipitalis superior, GP = Globus pallidus, GPoC = Gyrus postcentralis, GPrC = Gyrus precentralis, Gsm = Gyrus supramarginalis, GTi = Gyrus 
temporalis inferior, GTm = Gyrus temporalis medius, GTs = Gyrus temporalis superior, GTT = Gyrus temporales transversi, Hi = Hippocampus, INS = Insula, LPi = Lobulus parietalis 
inferior, LPs = Lobulus parietalis superior, Na= Corpus amygdaloideum, NC =Nucleus caudatus, Peu= Precuneus, Pu= Putamen, Ro = Radiatio optica, T = Tapetum, Th= Thalamus. * 
= deficient performance additionally characterized by a deviation and/or a high variability to attribute one position to a given ITD, inability ta discriminate two positions within one hemispace 
and disturbance in motion's detection; neither ofthese errorswas observed in the normal subjects. 
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soundmotion perception), but without a deficit in sound 
recognition, recovered completely (15 patients) or par
tially (2 patients). Five of 7 patients with a combined 
deficit in the auditory spatial domain and soundrecog
nition recovered completely (1 patient) or partially ( 4 
patients); 2 rem ained stationary. 

Recovery differed between groups. All patients in
cluded in the acute stage had normal performance in 
sound recognition, sound localization and sound mo
tion perception by the time of the second evaluation 
in the chronic stage (see Table 1). They tended to 
have small lesions, on the whole smaller than those of 
patients who were included in the early chronic stage 
(Fig. 1). 

From the patients, who were included in the suba
cute stage, 50% had a normal performance in all the 
domains bythe time of the second evaluation. From the 
remaining patients, one nonnalized her performance 
in two domains and one in one domain; and one nor
malized her performance in one domain and worsened 
in another (see Table 1). Globally, 64% of deficient 
domains were normalized by the tune of the second 
evaluation and 36% remained deficient. The range of 
lesion sizes in this population was roughly similar to 
that of the acute group and the lack of recovery was 
observe also in patients with sm all lesions. 

From the patients, who were included in the early 
chronic stage, 44% had normal performance in ail the 
domains bythe time of the second evaluation. From the 
remaining patients, one nonnalized her performance 
in two domains, two normalized their performance in 
one domain and one normalized his performance in 
one domain and worsened it in another (see Table 1). 
Globally, 56% of deficient domains were nonnalized 
by the time of the second evaluation and 44% remained 
deficient. The lesions of this group were within the 
range of the subacute group and beyond it; absence of 
recovery was observed in patients whose lesions were 
of comparable sizes to those of the acute and subacute 
groups. 

In summary, in our population recovery was ob
served in i) all patients who were included in the acute 
stage; and ii) most patients who were included in the 
subacute and ear ly chronic stages and who had a deficit 
limited to the auditory spatial domain. Conversely, the 
co-occurrence of deficits in the auditory spatial domain 
plus in sound recognition in the subacute or chronic 
stages was associated with lasting deficits in one or the 
other or in bath aspects. 

100% 
80% 
60% 
40% 
20% 
0% 

Sound localization and/or sound motion 
perception deficits 

« Where » stream 

Cl preseived 

lllldamaged 

Fig. 2. Occurrence of sound localization and/or sound motion per
ception deficits in cases of preserved or damaged auditory "Where" 
stream. Note that almost half of the cases in the acute stage did not 
sustain damage to the "Where" stream ( 4 out of 9 cases), while this 
was never the case in the early chronic (9 cases) or chronic stages 
(i.e., at the lime of the second testing; 7 cases). 

3.3. Auditory spatial deficits and damage to the 
auditory "Where" stream 

All 24 patients who participated in this study had, at 
the initial testing, a deficit in sound localization and/or 
sound motion perception (Table 1 ). In the acute stage 
this deficit occurred without specific damage to the 
"Where" stream in 44% and in the subacute stage in 
16% of the cases (Table 1; Fig. 2). In the early chronic 
stage and at the time of the second testing a deficit 
in sound localization and/or souncl motion perception 
was always accompaniecl with damage to the auditory 
"Where" stream. 

The superposition ofright-hemispheric lesions which 
were found in association with selective deficits of 
sound localization and/or soundmotion perception (i.e., 
with preserved sound recognition) showed different 
patterns in the acute, early chronic or chronic stages 
(Fig. 3). In the acute stage 5 patients had this pro
file and their, rather smallish lesions superposed over 
the temporal convexity, i.e., over the auditory "What" 
stream. In the early chronic stage 4 patients hacl this 
profile and their lesions superposed over insula and 
temporo-parietalcortex, involving bath the "What" and 
"Where" streams. At the time of the second testing, i.e. 
in the chronic stage, 4 patients hacl this profile and their 
lesions had a maxùnutn superposition over the insula 
and parietal cortex, including the "Where" stream. 

Patients who had deficits in sound localization and/or 
sound motion perception at the initial testing without 
dam age to the specialized stream recoverednormal per
fonn ance by the titne of the second testing (Fig. 4). 
When damage to the "Where" stream was present, part 
of the patients still recovered. This was the case of 
all patients who were included in the acute stage and 
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Fig. 3. Superposition of lesion sites associated with the occurrence ofauditory spatial deficits (sound localization and/or sound motion perception 
deficit) in the acute stage (5 patients with right hemispheric lesion; left column), early chronic stage (4 patients with right hemispheric lesions; 
middle column), or at the second testing in the chronic stage (4 patients with right hemispheric lesions; right column). The lesions are represented 
in Talairach space, sections c and d. Hatching indicates the number of patients in whom a given Talairach cube was completely or partially (at 
least one third) damaged. 
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Fig. 4. Recovery of auditory spatial (i.e., sound localization ancVor sound motion perception deficits; left panel) or sound recognition deficits 
(right panel) associated or not with damage to the specific auditory streams. Numbers denote the number of cases in each subgroup. Colours 
code the lime of the first testing: green acute; orange subacute; and red early chronic stage. An-ows indicate changes at the lime of the second 
testing. 

part of the patients who were included in the subacute 
and early chronic stages. A similar relationship was 
observed for sound recognition and the damage to the 

auditory "What" stream. On the whole, a deficit was 
more likely to become permanent when damage to the 
specialized stream was accompanied by the persistence 
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of deficits beyond the acute stage. 

3.4. Recovery andsize oflesion 

The experimental requirernents of our paradigrn in
troduced a bias into the selection of patients. In the 
acute stage, only patients with relatively srnall lesions 
could be included, since those with larger lesions were 
not well enough to allow for an intensive testing of sev
eral hours, which was necessary for our auditory bat
tery plus a general neuropsychological assessrnent A 
similar bias was still present in the subacute stage. In 
the early chronic stage we tested initially a wide range 
of patients (i.e., all patients joining our rehabilitation 
prograrn) and retained those, who were deficient (see 
selection criteria in Methods). Thus, we cannotrely on 
between group cornparisons for establishing a relation
ship between lesion size and probability of recovery. 

Within a given subgroup, recovery did not correlate 
with the size of lesion (Fig. 1). The relatively srnall 
nurnbers of patients par group did not allow a statis
tical analysis, but it is striking that frorn patients who 
were included in the subacute stage, two with relatively 
small lesions did not recover, while others, with larg
er lesions, recovered. The discrepancy between lesion 
size andrecovery is evenrnore striking for patients who 
were included in the early chronic stage. Several pa
tients with rather srnall lesions did not recover, while 
those with rnuch larger lesions did. 

4. Discussion 

4.1. The relationship between deficits and damage to 
specific networks changes between the acute and 
chronic stages 

The cognitive functions investigatedhere have been 
shown previously to depend on specific auditory pro
cessing networks, the "What" (involving the anterior 
part of the middle temporal gyrus, the ventral part of 
the precuneus on the both sicles and the left prefrontal 
cortex) and "Where" (involving the infero-parietal lob
ule, parts of the prefrontal and the prernotor cortex 
and the dorsal part of the precuneus) streams. These 
streams have been demonstrated in hurnan activation 
studies (Alain et al., 2001; Maeder et al., 2001) and 
large lesions centred on one of the network were shown 
to cause in the chronic stage the corresponding deficit 
(Clarke et al., 2000; Clarke et al., 2002). 

The occurrence of non-specific deficits, i.e. deficit 
in one of these auditory cognitive domains without a 
lesion to the corresponding auditory network was de
scribed in the acute stage in a previous study (Adriani 
et al., 2003), we dernonstrated here that these deficits 
are entirely transient. Their occurrence is unlikely to 
be linked to the penum bra, since the testing here and in 
the previous study was perforrned at a time when the 
penumbrais resolved(Hossrnann, 1994). Furthermore, 
we show here that non-specific deficit can be found 
up to the end of the first rn onth postlesion, also with 
a subsequent recovery. The non-specific deficits are, 
however, no longer present in the early chronic stage. 

The non-specific transient effects that we observed 
in the acute and partially in the subacute stage may 
be due to changes in the efficacy of existing excitatory 
synapses, that had been unrnasked by the lesion (J acobs 
& Donoghue, 1991), resulting in enhanced excitabil
ity in the neighbourhood of the damage area and in 
functional disturbance (Schiene et al., 1996). Recov
ery that we have observed from the early chronic stage 
on is likely to involve other rnechanisms, such as po
tentiation (Hagemann, Redecker, Neumann-Haefelin, 
Freund & Witte, 1998), axonal regeneration (David & 
Aguayo, 1981), sprouting ofnew connections (Adams, 
Lee, Fahnestock & Racine, 1997; Florence, Taub & 
Kaas, 1998) or utilisation of redundant brain circuiting 
with parallel pathways (Fries, Danek, Scheidtmann & 
Hamburger, 1993). 

Changes in cortical organization between the acute 
and chronic stages have been well documented for the 
recovery of rnotor deficits following hernispheric le
sions. Recovered rnovernents were often described to 
activate networks corn prising the ipsi-and contralesion
al rnotor and non-rnotor areas. A good recovery is be
lieved to be particularly associated with the involve
rnent of ipsilesional rnotor networks (e.g. Calautti & 
Baron, 2003) and to rely on the recruitment of parallel 
pathways within the rnotor system (for review see e.g. 
Chen, Cohen & Hallett, 2002). Several studies dernon
strated the dynamics ofthese changes between the acute 
and chronic stages. During the acute stage of cortico
spinal tract lesions, finger rnovements with the paret
ic hand were shown to activate the ipsilesional rnotor 
network and additional ipsi-and contralesional areas; 
with recovery the ratio of ipsi-vs contralesional activa
tion increased (Marshall et al., 2000). Sirnilar changes 
were observed when cornparing patterns of activation 
obtained in the first and in the second rnonth after a 
hernispheric lesion (Nelles et al., 1999). In the chronic 
stage, successful rehabilitation was also found to be 
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associated with increased involvement of ipsilesional 
m otor regions (Johansen-Berg et al., 2002) or enhanced 
representation of the affected hand in the ipsilesional 
motor area (Liepert, Terborg & Weiller, 1999). 

4.2. The size of lesion plays a secondary role in 
auditory recavery 

Several studies examined the pattern of recovery af
ter brain injury (Goldman & Plum, 1997) (Luders, Co
mair, Bleasel & Holthausen, 1997) and focus their inter
est on the factors that determine the severity of deficits 
and the extent of recovery. Whereas the age of the pa
tient and the location of the lesion are recognized lik:e 
essential in the recovery process, the influence oflesion 
size is on the other hand controversial. In the patient 
with middle cerebral infarcts, some authors (Mohr et 
al., 1993) found correlation between infarct size and 
the severity of motor weakness. However, several other 
studies found little (Binkofski et al., 1996; Binkofski et 
al., 2001) or no (Pantano et al., 1996) correspondence 
between degree of damage and infarct size. Our results 
suggest absence of simple relation between patterns 
of recovery and size of lesions for auditory cognitive 
functions. 

4.3. Persistence of deficits beyond the acute stage 
decreases the probability of recovery 

We can confirm our initial hypotheses. Lasting 
deficits in a given dom ain do not occur without dam age 
to the corresponding network and they are more likely 
to be permanent if still present in the weeks beyond the 
acute stage. Furthermore, our results suggest that dif
ferentmechanism s underlie deficits andrecovery at dif
ferent tim e points. In the acute and subacute stages (but 
beyond the penumbra) a widespread and non-specific 
dysfunction occurs in the auditory network, causing 
transient deficits even in demains, whose specialised 
networks are anatomically preserved. From the ear
ly chronic stage on, the presence of deficits is associ
ated with damage to the specialized network and the 
likelihood of recovery is variable. 

Acknowledgments 

We thank Dr. M. Adriani and M. S. Dieguez for 
their participation in auditory testing, andDrs. C. Bind
schaedler and J. Buttet Sovilla for details on the general 
neuropsychological assessment This study was sup
ported by the Swiss National Science Foundation grant 
3 lOOA0-103895 and by the Lausanne Medical Faculty 
RATPto S.C. 

References 

Adams, B., Lee, M., Fahnestock, M., & Racine, R. J. (1997). Long
term potentiation trains induce mossy fiber sprouting. Brain 
Research, 775(1-2), 193-197. 

Adriani, M., Maeder, P., Meuli, R., Thiran, A. B., Frischknecht, 
R., Villemure, J. G., et al. (2003). Sound recognition and 
localization in man: specialized cortical networks and effects 
ofacute circumscribed lesions. Experimental Brain Research, 
153(4), 591-604. 

Alain, C., Amott, S. R., Hevenor, S., Graham, S., & Grady, C. L. 
(2001). "What" and "where" in the human auditory system. 
Proceedingsofthe NaiionalAcademy of Sciences of the United 
States of America, 98(21), 12301-12306. 

Anourova, I., Nikouline, V. V., Ilmoniemi, R. J., Hotta, J., Aronen, H. 
J., & Carlson, S. (2001). Evidence for dissociation of spatial 
and nonspatial auditory information processing. Neuroimage, 
14(6), 1268-1277. 

Anourova, I., Rama, P., Alho, K., Koivusalo, S., Kahnari, J., & 
Carlson, S. (1999). Selective interference reveals dissociation 
between auditory memory for location and pitch. Neuroreport, 
10(17), 3543-354 7. 

Binkofski, F., Seitz, R. J., Arnold, S., Classen, J., Benecke, R., & 
Freund, H. J. (1996). Thalamic metabolism and corticospinal 
tract integrity determine motor recovery in stroke. Annals of 
Neurology, 39(4), 460-470. 

Binkofski, F., Seitz, R. J., Hacklander, T., Pawelec, D., Mau, J., & 
Freund, H. J. (2001). Recovery of motor functions follow
ing hemiparetic stroke: A clinical and magnetic resonance
morphometric study. Cerebrovascular Diseases, 11(3), 273-
281. 

Bushara, K. O., Weeks, R. A., Ishii, K., Catalan, M. J., Tian, B., 
Rauschecker, J. P., et al. (1999). Modality-specific frontal 
and parietal areas for auditory and visual spatial localization 
in humans. Naiure Neuroscience, 2(8), 759-766. 

Calautti, C., & Baron, J. C. (2003). Functional neuroimaging stndies 
of motor recovery aft:er stroke in adults - A review. Stroke, 
34(6), 1553-1566. 

Chen, R., Cohen, L. G., & Hallett, M. (2002). Nervous system 
reorganization following injury. Neuroscience, 111(4), 761-
773. 

Clarke, S., Adriani, N., & Bellmann, A. (1998). Distinct short-term 
memory systems for sound content and sound localization. 
Neuroreporl, 9(15), 3433-3437. 

Clarke, S., Bellmann, A., DeRibaupierre, F., & Assai, G. (1996). 
Non-verbal auditory recognition in normal subjects and brain
damaged patients: Evidence for parallel processing. Neu
ropsychologia, 34(6), 587-603. 

Clarke, S., Bellmann, A., Meuli, R. A., Assai, G., & Steck, A. J. 
(2000). Auditory agnosia and auditory spatial deficits follow
ing left hemispheric lesions: evidence for distinct processing 
pathways. Neuropsychologia, 38(6), 797-807. 

Clarke, S., Thiran, A. B., Maeder, P., Adriani, M., Vernet, O., Regli, 
L., et al. (2002). What and Where in hum an audition: selective 
deficits following focal hemispheric lesions. Experimental 
Brain Research, 147(1), 8-15. 

David, S., & Aguayo, A. J. (1981). AxonalElongation intoPeripheral 
Nervous-System Bridges aft:er Central Nervous-System In jury 
in Adult-Rats. Science, 214(4523), 931-933. 

De Santis, L., Clarke, S., & Murray, M. M. (2007). Automatic and 
intrinsic auditory "what" and ''where" processing in humans 
revealed by electrical neuroimaging. Cerebral Corlex, 17(1), 
9-17. 



294 B. Rey et al. /Patterns of auditory recovery in man 

Engelien, A., Silbersweig, D., Stem, E., Huber, W., Doring, W., 
Frith, C., et al. (1995). The functional anatomy of recovery 
from auditory agnosia - A PET study of sound categorization 
in a neurological patient and normal contrais. Brain, 118, 
1395-1409. 

Florence, S. L., Taub, H. B., & Kaas, J. H. (1998). Large-scale 
sprouting of cortical connections afterperipheral in jury in adult 
macaque monkeys. Science, 282(5391), 1117-1121. 

Friederici, A. D., Ruschemeyer, S. A., Hahne, A., & Fiebach, C. J. 
(2003). The role of left inferior frontal and superior temporal 
cortex in sentence comprehension: Localizing syntactic and 
sernantic pro cesses. Cerebral Cortex, 13(2), 170-177. 

Fries, W., Danek, A., Scheidtmann, K., & Hamburger, C. (1993). 
Motor Recovery Following Capsular Stroke - Role of De
scending Pathways from Multiple Motor Areas. Brain, 116, 
369-382. 

Fujii, T., Fukatsu, R., Watabe, S. I., Ohnuma, A., Teramura, K., 
Kimura, I., et al. (1990). Auditory Sound Agnosia without 
Aphasia Following a Right Temporal-Lobe Lesion. Cortex, 
26(2), 263-268. 

Goldman, S., & Plum, F. (1997). Compensatory regeneration of the 
damaged adult human brain: Neuroplasticity in a clinical per
spective. In Brain Plasticity (Vol. 73, pp. 99-107). Philadel
phia: Lippincott-Raven Pub!. 

Griffiths, T.D., Buch el, C., Frackowiak, R. S. J., & Patterson, R. D. 
(1998). Analysis of temporal structure in sound by the human 
brain. Nature Neuroscience, 1(5), 422-427. 

Griffiths, T. D., Rees, A., Witton, C., Cross, P. M., Shakir, R. A., 
& Green, G. G. R. (1997). Spatial and temporal auditory 
processing deficits following right hemisphere infarci.ion - A 
psychophysical study. Brain, 120, 785-794. 

Griffiths, T.D., Rees, A., Witton, C., Shakir, R. A., Henning, G. B., & 
Green, G. G. R. (1996). Evidence for a sound movement area 
in the human cerebral cortex. Nature, 383(6599), 425-427. 

Hagernann, G., Redecker, C., Neumann-Haefelin, T., Freund, H. J., 
& Witte, O. W. (1998). Increased long-term potentiation in the 
surround of experimentally induced focal cortical infarction. 
AnnalsofNeurology. 44(2), 255-258. 

Heiss, W. D ., & Thiel, A. (2006). A proposed regional hierarchy in 
recovery of post-stroke aphasia. Brain and Language, 98(1), 
118-123. 

Hossmann, K. A. (1994). Viability Thresholds and the Penumbra of 
Focal Ischemia. Annals of Neurology, 36(4), 557-565. 

Jacobs, K. M., & Donoghue, J. P. (1991). Reshaping the Cortical 
Motor Map by Unmasking Latent Intracortical Connections. 
Science, 251(4996), 944-947. 

Jerger, J., Lovering, L., & Wertz, M. (1972). Auditory Disorder 
Following Bilateral Temporal Lobe Insult- Report of a Case. 
Journal of Speech and Hearing Disorders, 31(4), 523-535. 

Johansen-Berg, H., Rushworth, M.F. S., Bogdanovic, M. D., Kisch
ka, U., Wimalaratna, S., & Matthews, PM. (2002). The role 
of ipsilateral premotor cortex in hand movement after stroke. 
Proceedings of the National Academy of Sciences of the United 
States of America, 99(22), 14518-14523. 

Jordan, L. C., & Hillis, A. E. (2006). Disorders of speech and 
language: aphasia, apraxia and dysarthria. Current Opinion in 
Neurology. 19(6), 580-585. 

Kaas, J. H., Hackett, T. A., & Trama, M. J. (1999). Auditory pro
cessing in primate cerebral cortex. Current Opinion in Neuro
biology, 9(2), 164-170. 

Liepert, J., Terborg, C., & Weiller, C. (1999). Motor plasticity in
duced by synchronized thumb and foot movements. Experi
mental Brain Researr:h, 125(4), 435-439. 

Luders, H. O., Comair, Y. G.,Bleasel, A.F., &Holthausen, H. (1997). 
Recovery offunction following lesions of eloquent brain ar-

eas. In Brain Plasticity (Vol. 73, pp. 335-346). Philadelphia: 
Lippincott-Raven Pub!. 

Maeder, P. P., Meuli, R. A., Adriani, M., Bellmann, A., Fornari, 
E., Thiran, J. P., et al. (2001). Distinct pathways involved 
in sound recognition and localization: A hum an fMRI study. 
Neuroimage, 14(4), 802-816. 

Marshall, R. S., Perera, G. M., Lazar, R. M., Krakauer, J. W., Con
stantine, R. C., &DeLaPaz, R. L. (2000). Evolution of cortical 
activation durîng recovery from corticospinal tract infarction. 
Stroke, 31(3), 656-661. 

Mohr, J. P., Foulkes, M. A., Polis, A.T., Hier, D. B., Kase, C. S., 
Price, T. R., et al. (1993). Infarct Topography and Hemiparesis 
Profiles with Cerebral Convexity Infarction - the Stroke Data
Bank. Journal of Neurology Ne11ros11rgery and Psychiatry, 
56(4), 344-351. 

Nelles, G., Spiekermann, G., Jueptner, M., Leonhardt, G., Muller, 
S., Gerhard, H., et al. (1999). Reorganization of sensory 
and motor systems in hemiplegic stroke patients - A positron 
emission tomography study. Stroke, 30(8), 1510-1516. 

Pantano, P., Formisano, R., Ricci, M., DiPiero, V., Sabatini, U., 
DiPofi, B., et al. (1996). Motor recovery after stroke - Mor
phological and functional brain alterations. Brain, 119, 1849-
1857. 

Price, C. J., & Crinion, J. (2005). The latest on functional imaging 
studies of aphasie stroke. CurrentOpinioninNeurology, 18(4), 
429-434. 

Pulvermuller, F., Assadollahi, R., & Elbert, T. (2001). Neuromag
netic evidence for early sernantic access in word recognition. 
EuropeanJoumal of Neuroscience, 13(1), 201-205. 

Rauschecker, J. P., & Tian, B. (2000). Mechanisms and streams for 
processing of "what" and "where" in auditory cortex. Pro
ceedings of the National Academy of Sciences of the United 
States of America, 9 7(22), 11800-11806. 

Rijntjes, M. (2006). Mechanisms ofrecovery in stroke patients with 
hemiparesis or aphasia: new insights, old questions and the 
meaning of therapies. Cummt Opinion in Neurolog)! 19(1), 
76-83. 

Rosati, G., Debastiani, P., Paolino, E., Prosser, S., Arslan, E., & 
Artioli, M. (1982). Clinical and Audiological Findings in a 
Case of Auditory Agnosia. Journal ofNeurology, 227(1), 21-
27. 

Schiene, K., Bruehl, C., Zilles, K., Qu, M. S., Hagemann, G., Krae
mer, M., et al. (1996). Neuronal hyperexcitability and reduc
tion ofGABA(A)-receptor expression in the surround of cere
bral photothrombosis. Journal of Cerebral Blood Flow and 
Metabo/ism, 16(5), 906-914. 

Spreen, O., Benton, A. L., & Fincham, R. W. (1965). Auditory 
Agnosia without Aphasia. ArchivesofNe11rology, 13(1), 84-&. 

Viceic, D., Fornarî, E., Thiran, J. P., Maeder, P. P., Meuli, R., Adriani, 
M., et al. (2006). Human auditory belt areas specialized in 
sound recognition: a functional magnetic resonance imaging 
study. Neuroreport, 17(16), 1659-1662. 

Warren, J. D., Zielinski, B. A., Green, G. G. R., Rauschecker, J. P., 
& Griffiths, T.D. (2002). Perception of sound-source motion 
by the human brain. Ne11ro», 34(1), 139-148. 

Weeks, R. A., Aziz-Sultan, A., Bushara, K. O., Tian, B., Wessinger, 
C. M., Dang, N., et al. (1999). A PET study of human auditory 
spatial processing. Ne11roscience Letters, 262(3), 155-158. 

Zatorre, R. J., Bouffard, M., Ahad, P., & Belin, P. (2002). Where is 
'where' in the human auditory cortex? Nature New'Qscience, 
5(9), 905-909. 

Ziemann, U., Hallet, M., & Cohen, L. G. (1998). Mechanisms 
of deafferentation-induced plasticity in human motor cortex. 
Journal of Neurosdence, 18(17), 7 000-7007. 


