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The Role of Multiple Contralesional Motor Areas for
Complex Hand Movements after Internal Capsular Lesion
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Imaging techniques document enhanced activity in multiple motor areas of the damaged and contralesional (intact) hemisphere
(CON-H) after stroke. In the subacute stage, increased activity within motor areas in the CON-H during simple movements of the affected
hand has been shown to correlate with poorer motor outcome. For those patients in the chronic stage who recovered well, the functional
relevance of an increased activation within the CON-H is unclear. Using trains of repetitive transcranial magnetic stimulation (TMS)
during performance of complex finger movements, we tested the behavioral relevance of regional functional magnetic resonance imaging
(fMRI) activation within the CON-H for sequential finger movement performance of the recovered hand in seven patients who had
experienced a subcortical stroke. TMS was navigated over fMRI activation maxima within anatomically preselected regions of the CON-H,
and effects were compared with those of healthy controls. Stimulation over the dorsal premotor cortex (dPMC), the primary motor cortex
(M1), and the superior parietal lobe (SPL) resulted in significant interference with recovered performance in patients. Interference with
the dPMC and M1 induced timing errors only, SPL stimulation caused both timing and accuracy deficits. The present results argue for a
persistent beneficial role of the dPMC, M1, and SPL of the CON-H on some aspects of effectively recovered complex motor behavior after

subcortical stroke.
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Introduction
Motor impairment after stroke recovers to varying degrees over
time (Kotila et al., 1984). In monkeys, retraining skilled hand use
after lesions of the cortical hand area results in expansion of the
hand representation into regions formerly controlling the elbow
and shoulder (Nudo et al., 1996). Also in humans, motor-related
areas in the damaged hemisphere (DAM-H) that have not been
destroyed or disconnected by the infarction are relevant for re-
covery (Chollet et al., 1991; Seitz et al., 1998). Less clear is the
relevance of the contralesional hemisphere (CON-H), but there
is evidence that both the DAM-H and the CON-H show substan-
tial upregulation of activity in patients when compared with
healthy controls (HCs) (Ward et al., 2003; Gerloff et al., 2006).
Beyond regional activation, interhemispheric interactions
have been shown to contribute to unilateral motor performance
in healthy subjects (Kobayashi et al., 2004) but also in stroke
patients (Murase et al., 2004; Duque et al., 2005). In these pa-
tients, interhemispheric inhibition from the CON-H to the
DAM-H is pathologically enhanced (Murase et al., 2004; Duque
et al., 2005).
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A model to understand mechanisms of motor recovery is focal
ischemic lesions of the pyramidal tract. These patients sometimes
show rapid recovery of motor function (Fries et al., 1993), and
imaging techniques have documented enhanced activity in mul-
tiple motor areas of the DAM-H and CON-H (Weiller et al.,
1992; Gerloff et al., 2006), including secondary motor areas
known to project to the spinal cord (Maier et al., 2002). However,
the behavioral relevance of these activity increases has been ques-
tioned (Ward et al., 2003).

The behavioral relevance of regional activation can be tested
by temporary interference with activation in target areas by trans-
cranial magnetic stimulation (TMS) and subsequent analysis of
induced behavioral deficits (Gerloff et al., 1998). This approach
to interfere with behavioral function has also been referred to as
“jamming.” Studies addressing the functional relevance of areas
with increased functional magnetic resonance imaging (fMRI)-
based activity in stroke patients are scarce. Single-pulse TMS over
the primary motor cortex (M1) or the dorsal premotor cortex
(dPMC) of the DAM-H results in increased reaction times (Wer-
hahn et al., 2003; Fridmann et al., 2004). With respect to the
CON-H, single-pulse TMS during simple reaction-time tasks
points to a role of the dPMC (Johansen-Berg et al., 2002a), par-
ticularly in patients with severe motor deficits (Johansen-Berg et
al., 2002b).

An increased contribution of motor areas within the CON-H
can be expected particularly during complex finger movements
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A, Subcortical lesions of the patients all flipped to the right side and are marked with a red cycle. The average T1image (right) shows the lesion in the posterior internal capsule at group

level. B, fMRI results for each patient during performing the finger sequence with their formerly impaired hand; only the CON-H is shown for each patient. The right activation map (smoothed for
overlay with 6 mm) shows the group effect of all patients for the CON-H (left) and the DAM-H (right) projected on the segmented T1 anatomy Montreal Neurological Institute reference brain. Note

the interindividual variability of activation maxima within the precentral gyrus.

(Foltys et al., 2003). Therefore, we hypothesized that additional
areas of the CON-H, beyond the dPMC, gain behavioral rele-
vance for recovered hand motor control when more challenging
motor acts are required. To test this, we applied TMS jamming to
motor-related regions of the CON-H in stroke patients executing
complex finger movements with their recovered hand. All pa-
tients were in the chronic phase and had experienced near com-
plete motor recovery. TMS was stereotactically navigated based
on individual three-dimensional reconstructed fMRI-activation
maps. The effects of TMS interference on motor behavior were
compared in patients and age-matched HC subjects for timing
errors and accuracy of performance.

Materials and Methods

Subjects. We investigated seven patients [six males; average age, 63.7 *
(SD) 8.6 years; range, 51-76 years; all right-handed as tested according to
Oldfield (1971)] with first-ever ischemic stroke in the internal capsule
>8 months ago (average, 33.9 = 20.8) (Fig. 1). All patients were severely
paretic or even hemiplegic at their first day after stroke, four in their left
hand and three in their right hand [initial median Medical Research
Council (MRC) (Daniels and Worthingham, 1972) scale of the forearm
muscle strength of 1] (see supplemental Table 1, available at www.
jneurosci.org as supplemental material). All patients experienced almost
complete recovery of motor function, leaving them with a median Na-
tional Institutes of Health stroke scale status (Lyden et al., 1994) of 1 and
an MRC scale of 5 (no difference to the nonaffected side). Additionally,
seven age-matched HCs [two males; average age, 63.9 * 4.5 years; range,
56—69; all strongly right-handed as tested after Oldfield (1971)] who had
no neurological or psychiatric illness were investigated with the same
method.

Both groups gave their written informed consent to the experiment,
which was approved by the University of Tuebingen ethics committee.

Motor task during scanning. Both patients and HCs performed a se-
quential finger-tapping task of 10 visually presented numbers indicating
button presses with digits 2, 3, 4, and 5 (corresponding to the index,
middle, ring, and small finger, respectively). All subjects trained tapping
with maximum tapping velocity (without making mistakes in sequence
order) for 10 min for each hand before fMRI measurement. Additionally,
all patients trained and performed the sequence paced by a metronome
(1 Hz). Patients had to perform tapping with their recovered hand (both
maximal frequency, 2.0 = 0.6 Hz and 1 Hz), and HCs had to perform
tapping with their left hand (2.4 = 0.6 Hz; right vs left; NS). The 1 Hz
frequency preceded the maximum-velocity finger sequence. Both were
displayed by a video projector via a mirror fixated on the head coil.
Conditions were performed in a block design alternating rest and
performance four times on specially constructed MR-suitable key-
boards with physiologically ordered buttons of 1.5 cm in diameter,
connected via an optic-fiber cable to a recording computer outside of
the scanner room, and recorded with Labview (version 5.6; National
Instruments, Austin, TX).

fMRI scanning parameters. Subjects underwent MRI scanning at 3 T
(Trio, 8 high-frequency head coil; Siemens, Erlangen, Germany) with 30
oblique transverse slices (3 mm thickness, I mm gap) covering the entire
head using a T2*-weighted echo-planar imaging (EPI) sequence [repeti-
tion time (TR), 2 s; matrix size, 64 X 64; echo time (TE), 30 ms; flip angle,
90°]. The subjects were in a supine position on the padded scanner couch
and wore hearing protection. Additionally, a T1-weighted three-
dimensional image (MPrage; TR, 2.3 s; TE, 3.93 ms; 160 sagittal slices 1 +
0.5 mm) was acquired.

Imaging analyses. Spatial preprocessing and data analysis were per-
formed with SPM2 (Wellcome Department of Neuroscience, London,
UK). Each time series was realigned and resliced after unwarping in a
phase encoding direction (anterior/posterior) to account for movement
and susceptibility artifacts. Before coregistration of EPI sequences to the
T1-weighted anatomical image, it was reduced in spatial resolution to
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Table 1. Group results: patients minus HCs

Area activated tvalue zvalue Peorr MNI coordinates
idPMC 7.46 448 0.01 —27,18,57
«dPMC 5.15 3.67 0.04 24,3,63

iSPL 4.65 3.45 0.04 —18, —54,60
¢SPL 422 3.24 0.04 15, —51,66
M1 3.97 3.1 0.04 18, —30,66
iM1 3.26 2.70 0.05 —42,2,54

i, Ipsilateral to the hand moved; ¢, contralateral to the hand moved; MNI, Montreal Neurological Institute.
“p value corrected for false discovery rate ROIs.

that of the EPI sequences (3 X 3 X 3 mm). For group comparison, data
were smoothed with a Gaussian filter of 9 mm (full width at half maxi-
mum). For data used for TMS navigation, a filter size of 4 mm was used
to achieve a high precision of navigation within functional maps. Data
were high-pass filtered (128 s) and statistically evaluated for each indi-
vidual. Conditions were modeled with a canonical hemodynamic re-
sponse function using standard SPM2 settings. For navigation, signifi-
cance thresholds between <0.05 and <0.001, corrected for multiple
comparisons (FWE), were individually adjusted to detect activated vox-
els within the regions of interest (ROIs) in the CON-H or left hemisphere
of HCs, respectively. Functional images were saved and underwent fur-
ther superposition with the T1 anatomy and segmentation by using
Brainsight frameless software (Rogue Research, Montreal, Quebec, Can-
ada). fMRI group results for the patients (Fig. 1, right) were normalized
to the SPM template brain after segmentation to increase normalization
preciseness. Random-effects ¢ statistics across subjects were calculated
separately for each condition ( p < 0.005; FWE corrected). Differences
between patients and controls were compared with the two-sample
random-effect ¢ test for all patients against all controls (Table 1) using a
false discovery rate correction of p < 0.05 for the selected ROIs. All
regions were detected with the Automated Anatomical Labeling software
(Tzourio-Mazoyer et al., 2002). For visualization in Figure 1, patients
with right-sided paresis were radiologically normalized to achieve a con-
stant representation of the intact hemisphere on the left side. T1-
weighted anatomical images were brain extracted (Steve Smith; http://
www.fmrib.ox.ac.uk/fsl) by using MRIcro software (http://
www.sph.s.c.edu/comd/rorden/mricro.html). Activation maps were
superimposed on these extracted brains in a three-dimensional top view.

TMS parameters and resting motor threshold. At least 1 week after fMRI
measurement, subjects were investigated with TMS using a Magstim
rapid stimulator (Magstim, Whitland, UK) with a maximum output
of 2.2 tesla equipped with a figure-eight coil, each wing with a diam-
eter of 7 cm.

TMS was delivered with the coil held tangentially to the scalp, 45° from
the mid-sagittal line, with the handle pointing backward. The current
induced in the brain was therefore directed approximately perpendicular
to the line of the central sulcus (Werhahn, 1994). For sham stimulation,
the coil was turned 90° so that only one wing touched the scalp at the Cz
position (10/20 system), but the pulses were not applied to the head
surface.

The resting motor threshold, measured for the hand flexors of the
nonperforming intact hand (respectively, the right hand in controls) was
defined as the minimum stimulus intensity that produced motor-evoked
potentials of at least 50 wV peak-to-peak amplitude in at least thee of five
trials (Rossini et al., 1994).

Neuronavigation. For navigation of target regions, we used a frameless,
fMRI-guided stereotaxic system with a Polaris IR tracker camera (North-
ern Digital, Waterloo, Ontario, Canada) and Brainsight frameless soft-
ware (Rogue, Montreal, Quebec, Canada). fMRI maps were overlayed on
the T1-weighted anatomy, and the brain was manually segmented and
visualized for the three-dimensional 3—6 mm surface rendering. ROIs
were selected before the beginning of the study. We tested three different
verum locations (Fig. 2): the dPMC [located as the fMRI-activation max-
imum anterior to the precentral sulcus, inferior to the superior frontal
sulcus at the posterior part of the medial frontal sulcus (Fridman et al.,
2004)], M1 [posterior half of the precentral gyrus; location of activation
maxima nearest to the anatomical hand knob (Yousry et al., 1997)], and
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the superior parietal lobe (SPL; posterior to the postcentral sulcus and
superior to the parietal sulcus). The TMS coil was navigated to the indi-
vidual fMRI-activation maxima within the preselected ROIs. No further
adjustments were made to elicit maximal motor responses after stimula-
tion of CON-H M1. Additionally, we tested three different placebo stim-
uli: with a 90° flipped coil (SHAM), prefrontal (FRO), and peripheral
(PERI) stimulation. The latter two were expected to control for two types
of aversiveness: the stimulation of the scalp and adjacent face muscles
and the peripheral movement of the hand. Therefore, performance ef-
fects of frontal and peripheral stimuli were pooled for the ANOVA. Pe-
ripheral stimulation above the forearm contralateral to the movement
was administered with an intensity that elicited about the same motor
response as stimulation over M1 (average intensity of stimulator output:
patients, 42.8 = 4.2%; HCs, 43.8 = 4.4%).

Psychological ratings. The rating was obtained with visual analog scales
[length of 10 cm; 0 (no effect) to 10 (maximally aversive)] for both
aversiveness and amount of subjective TMS-induced disturbance during
the finger sequence. Both ratings were compared for all stimulus loca-
tions with a two-way repeated-measures ANOVA with the within-factor
location (M1, dPMC, FRO, SHAM, PERI) and the between-factor group
(patients, HCs), followed by post hoc t tests corrected for multiple
comparisons.

Motor task. Before TMS measurement, both groups trained the same
sequence (presented visually) as during the fMRI session. To be able to
detect timing errors with high sensitivity during TMS, subjects were
instructed to tap precisely at a movement rate of 1 Hz, paced with beep
tones. Data were recorded with Presentation (version 0.52; Neurobehav-
ioral Systems, Albany, CA).

Each of the TMS locations was stimulated in a balanced order with 10
runs of a finger sequence for each position before moving on to the next
stimulation site. During each finger sequence, a triple pulse with an
intensity of 120% motor threshold and an interpulse interval of 50 ms
(high-frequency jamming with 20 Hz) was administered at the accurate
time of the 1 Hz pace for each stimulus location. Additionally, during
each of the 10 trials, pulses were administered at a randomized time point
between the third and the eighth finger tap. The first two sequences were
not used for further evaluation to exclude contamination by novelty of
stimulation because of the new location.

Evaluation of performance. The dependent variables of this study were
the temporal preciseness of button presses (in milliseconds) and the
number of accuracy errors performed between baseline (three taps be-
fore the stimulus was applied) and right after TMS pulses (one tap).
Differences to normal distribution of the temporal preciseness data were
excluded by Kolmogorov—Smirnov tests for each region and time. Statis-
tical evaluation of the temporal preciseness was performed with a three-
way repeated-measures ANOVA with the within-factor location [dPMC,
M1, SPL, SHAM-control and more aversive-control stimuli (average of
PERI and FRO)], stimulation (baseline and post-TMS), and the
between-factor group (patients, HCs), followed by post hoc t tests cor-
rected for multiple comparisons.

The accuracy data were not normally distributed and therefore com-
pared with nonparametric tests for independent samples (Mann—Whit-
ney U test; corrected for multiple comparisons). All statistical compari-
sons were performed with the Statistical Package for the Social Sciences
(version 10.05; SPSS, Chicago, IL).

Correlation of blood oxygenation level-dependent effect size and TMS
effect. The effect size of the fMRI signal (SPM-betas) in the dPMC, M1,
and SPL [regions in the normalized data selected after Tzourio-Mazoyer
etal. (2002)] was correlated with the TMS effect on temporal preciseness
(performance after TMS minus baseline). Pearson correlations were cor-
rected for multiple comparisons.

Relationship of the disruptive effects of TMS applied to the CON-H and
the DAM-H. To directly compare the CON-H with the DAM-H in their
relevance for recovery of function after brain lesion, all patients were
scheduled for a second control experiment. One patient could not join
this experiment because of recent surgery; six patients (five men; age,
63.2 * 9.3 years; no changes in functional motor scores between mea-
sures) were studied. All patients gave their written informed consent, and
the control experiment was approved by the local ethics committee of the
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Figure 2.
representation sites demonstrated in one subject during complex finger sequence performance coded by numbers is shown.

Medical Faculty of the University of Tuebingen. Resting motor thresh-
olds of the hand flexors for the recovered and the intact hand were
measured. Stimulation intensity for jamming was 120% of the respective
motor threshold. There were no differences between hemispheres
(CON-H, 61.3%; DAM-H, 62.0%). Neuronavigation was applied with
the same technique used in the first experiment. Targets of stimulation
were M1, the dPMC, and the SPL of both the CON-H and the DAM-H in
a randomized order.

Results

Motor performance and functional maps

During baseline, no significant differences were seen between
patients and HCs in velocity of tapping (¢,,y < 0.70; NS) and in
error rate of button hits (Mann—Whitney U test; z < 1.5; NS).
This points to an excellent recovery of patients in relation to the
performance tested. All fMRI maps of patients and HCs showed
activation ipsilateral to the moving hand in the ROIs (Fig. 1 B; see
patient group data in supplemental Table 2, available at www.
jneurosci.org as supplemental material). On direct comparison,
activation ipsilateral to the moving hand (contralesional in pa-
tients) was greater in patients than in HCs (Table 1). Scalp local-
ization of the maximum of TMS stimuli over the dPMC was, on
average, 30.7 = 12.6 mm more anterolateral to those over M1.
One hertz finger sequences revealed activation maxima that pri-
marily matched the topographic pattern observed during move-
ments at maximal frequency, although activated voxels were less

Setting during the experimental paradigm during the TMS experiment. Navigation within different functional
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spread out within ROIs (see supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material). Direct compari-
son in patients revealed no significant dif-
ferences between the 1 Hz and the maxi-
mal velocity even when the significance
threshold was lowered to p < 0.001
uncorrected.

DAM-H
contralateral

Psychological rating during TMS
During TMS, subjective rating did not dif-
fer between patients and HCs at any stim-
ulus location (aversiveness: F(, ;) = 3.25,
NS; disruption of sequences: F(, 5 =
0.059, NS). There was no interaction of
group by location but a significant main
effect for location with both types of rat-
ings (aversiveness: F(s,q = 6.70, p <
0.001; disruption: F 5 ;¢ = 2.85, p < 0.05).
This indicates that TMS was perceived dif-
ferently depending on the site of stimula-
tion but that this effect was similar in both
groups. Although stimulation over M1,
dPMC, SPL, and PERI exerted comparable
psychological effects, these conditions dif-
fered compared with SHAM stimulation
(t(13y > 2.57; p < 0.05). TMS over FRO
stimulation was rated more aversive than
the other control conditions (PERI: t,5, =
3.07, p < 0.05; SHAM: 5, = 5.86, p <
0.001). SHAM stimulation was rated less
disruptive than dPMC and FRO stimula-
tion (t(,3) < 2.74; p < 0.05) (Fig. 3).

TMS effect on performance

The resting motor thresholds did not dif-
fer between patients (CON-H) and HCs
(average output: patients, 54.1 = 6.7%;
HC, 57.9 = 5.8%). TMS interfered with the temporal precision of
the finger sequences. The ANOVA revealed a significant main
effect for location (F 4 45y = 2.65; p < 0.05), stimulation (F; ;,, =
49.2; p < 0.001), and the interaction group by stimulation (F, ,,,
= 5.69; p < 0.05), indicating that TMS interference had a differ-
ential effect on patients and HCs. Compared with baseline, tim-
ing errors were induced by TMS over M1 (£,,, = 2.57; p < 0.05),
the dPMC (#,5, = 3.65; p < 0.001), and the SPL (1,,, = 2.31;p <
0.05) only for the stroke patients but not for HCs. The differential
effect between patients and HCs is illustrated in Figure 4.

Only after SPL stimulation, the number of accuracy errors was
larger in patients than in HCs (Mann—Whitney U test; z = 2.67;
p < 0.05).

Across all subjects, the fMRI signal intensity within M1 of the
CON-H correlated positively with the timing errors induced by
TMS at this location (r = 0.59; p < 0.05). This correlation was
nonsignificant for the dPMC or the SPL, indicating different
characteristics of interference at these locations.

In the control experiment, the timing errors elicited by stim-
ulation of the CON-H were comparable to those in the same
patients during the original experiment for all regions tested
(F1.10) = 0.003; NS).

The timing errors elicited over the CON-H showed effects
comparable to those elicited over the DAM-H in all regions tested
(F1,10) = 2.06; NS). Accuracy errors did not show statistical dif-
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Figure3. Ratingofaversiveness (light gray) and disruptiveness (dark gray) of the stimuli. All

stimuli were more aversive and disruptive than SHAM stimuli. Within the control stimuli, the
FRO stimuli were more aversive and disruptive than all of the PERI stimuli. Other comparisons
did not show significant differences. VAS, Visual analog scale. *p << 0.05; ***p < 0.001.
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Figure4. Differencesin performance on temporal accuracy; delay from 1000 ms (= 0) after

TMS jamming compared with baseline for patients (stroke) and HCs and patients minus HCs. All
“verum stimuli” over the CON-H (M1, PMC, and SPL) showed a significant effect selectively for
the stroke patients. Control stimuli (SHAM, 90° upright coil; FRO and PERI over lower arm
flexors) showed no differential effect between subject groups.

ferences neither between the original and the control experiment
nor between the CON-H and DAM-H. No single pairwise post
hoc comparison between the original and control experiment as
well as between contralesional and damaged reached significance
(t < 1;NS).

In conclusion, only the recovered skilled motor performance
in patients was significantly disrupted by TMS over the ipsilateral
hemisphere (CON-H). Two patterns of disturbances were ob-
served: (1) timing errors with stimulation over the dPMCand M1
and (2) combined timing and accuracy errors with stimulation
over SPL. The effect sizes for TMS interference over the CON-H
were similar to those over the DAM-H.

Discussion

In line with previous studies (Weiller et al., 1992; Carey et al.,
2002; Ward et al., 2003), the present study showed increased
activation in the DAM-H and CON-H of stroke patients. Previ-
ous fMRI studies suggested that activation in the CON-H during
movements of the affected hand is high in the subacute stage after
stroke, decreases over time (Marshall et al., 2000), and lasts to
some extent for years after stroke (Carey et al., 2002; Gerloff et al.,
2006). The functional relevance of this persistently enhanced ac-
tivity in the CON-H has been unclear; even negative conse-
quences have been described previously (Ward etal., 2003; Ward,
2004). In fact, restitution of near-normal circuitry is probably the
best basis for excellent recovery (Baron et al.,, 2004; Cramer,
2004). For these patients, also the notion that activity in the
CON-H increases temporarily after stroke but returns to baseline
in the course of effective recovery (Ward et al., 2003) is likely true.
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However, in many patients, purely perilesional or ipsilesional
reorganization might not be sufficient, and task-related increases
of activity in the CON-H persist in the chronic stage, like in our
patients.

We used a slightly different task for fMRI than TMS interfer-
ence: for eliciting significant ipsilateral activation in all ROIs also
in HCs, fMRI maps for navigation were generated during the
maximal velocity task. These maps did not differ significantly
from those generated during 1 Hz performance, and activation
maxima were quite constant for both tasks. It cannot be ruled out
that the rhythm keeping in the TMS experiment involved addi-
tional cognitive processing. However, because the design was
identical for patients and age-matched controls and because the
fMRI solely served for adjusting the neuronavigation system, this
aspect does not interfere with our main conclusions.

According to recent data, altered interhemispheric interac-
tions after unilateral damage have to be considered. In healthy
subjects, motor cortical excitability in both hemispheres is bal-
anced, and, for instance, a decrease in excitability within one
hemisphere results in an increase in the other (Plewnia et al.,
2003). Because of an imbalance of interhemispheric interactions,
a dominance of the CON-H could potentially suppress recovery
processes in the DAM-H (Murase et al., 2004). Enhancing excit-
ability of M1 in the DAM-H of stroke patients improves motor
performance (Hummel etal., 2005). Thus, upregulated activity in
the CON-H might conceivably have adverse effects in some pa-
tients. Our data do not argue against that but show that enhanced
activation in the CON-H cannot only be seen as an adverse
phenomenon.

Transient jamming of cortical activity by TMS allows for con-
clusions about the functional relevance of regional neuronal ac-
tivation for a given behavioral task (Cohen etal., 1997). The focal
specificity of this method depends on the use of adequate control
conditions. Of particular importance is controlling for atten-
tional effects possibly caused by noise or cutaneous sensations
inflicted by TMS. The impact of noise was controlled by SHAM
stimulation, cutaneous sensations were controlled by FRO stim-
ulation, and possible distraction attributable to movement effects
of the nonperforming hand was controlled by PERI stimulation.
There were no differences between patients and healthy subjects
for these control conditions. Thus, the effects of TMS to the
CON-H cannot be explained by distraction of attention or a re-
duced capability of patients to concentrate on the task.

Specific behavioral effects in the patient group were observed
for the dPMC, SPL, and M1 of the CON-H. Several characteris-
tics qualify these regions as prime candidates for compensatory
reorganization and enhanced activity to control recovered motor
functions. As the homolog of M1 that exerts corticospinal control
under normal conditions, after motor stroke, contralesional M1
is subject to transcallosal disinhibition and shows enhanced ex-
citability (Liepert et al., 2000; Shimizu et al., 2002). Given the
close linkage between excitability and plasticity (Butefisch et al.,
2000, 2002), this makes the contralesional M1 a reasonable target
for corticospinal reorganization (Fisher, 1992). The dPMC and
SPL serve as multimodal integration areas, are typically involved
in the coding of complex hand movements (Wexler et al. 1997;
Catalan et al., 1998), are well interconnected with other frontal
and parietal motor-related regions, and are thus well suited to
take over functions after lesions of other components of the mo-
tor cortical network or its efferent path.

By which mechanism could TMS interference with a single
region of the reorganized network affect motor performance?
One possibility is that the dPMC, M1, and SPL of the CON-H are
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subject to higher computational demands after stroke. This
would also explain that the predominant role of the SPL in spa-
tiotemporal patterning makes stimulation at this site likely to
induce accuracy errors, whereas PMC and M1 stimulation caused
timing errors only. After subcortical stroke, the outflow from M1
is compromised and might require more processing in areas out-
side M1. The lesion of the M1 efferent path may cause an increase
in error signals inducing instability in the sensorimotor system.
This could be compensated by enhanced processing in other net-
work components such as the dPMC, M1, and SPL of the
CON-H.

The most pronounced effect on timing was seen with stimu-
lation of the dPMC. This is in line with a study using single-pulse
TMS to interfere with simple reaction-time movements in stroke
patients (Johansen-Berg et al., 2002) and with lesion data indi-
cating that the dPMC is important for temporal control of com-
plex movements (Halsband et al., 1993).

Stimulation over the SPL compromised movement timing
and accuracy in patients. The SPL, comparable to the dPMC
(Freund and Hummelsheim, 1985), is engaged in performance of
learned movement sequences (Seitz et al., 1997) and has an addi-
tional role for implementing complex sensorimotor tasks (e.g.,
movement selection based on integration of visual and somato-
sensory information) (Sadato et al., 1996; Sakai et al., 1998).
Compared with healthy subjects (Desmurget et al., 1999), in pa-
tients the ipsilateral parietal lobe has apparently gained addi-
tional functionality for the correct execution of complex finger
sequences. The SPL might serve as a multimodal integration area
controlling temporal and spatial preciseness of recovered com-
plex finger movements in the CON-H.

Temporal errors were also induced with TMS to M1 in the
CON-H. Other studies, investigating simpler motor paradigms
or stroke patients with less complete recovery, did not observe
any prominent functional contribution of this area (Foltys et al.,
2003; Werhahn etal., 2003). In contrast, previous imaging studies
had pointed to M1 activation of the CON-H in stroke patients
(Weiller et al., 1992; Carey et al., 2002; Ward et al., 2003). Three
methodological aspects of our study are likely the reason for the
seeming discrepancies with previous TMS studies. First, we se-
lected the M1 stimulation site in the CON-H strictly based on
fMRI-guided neuronavigation. Ipsilateral representation sites in
M1 are thought to be more lateral and anterior than the con-
tralateral ones (Wassermann et al., 1994; Ziemann et al., 1999),
and therefore stimulation over optimal points for the contalateral
hand is not necessarily the most sensitive approach to test con-
tributions to the ipsilateral hand. Second, we selected a complex
sequential motor task, thereby maximizing ipsilateral M1 activa-
tion. Ipsilateral repetitive TMS of M1 affects complex finger
movements, whereas simple movements are not disrupted (Chen
etal., 1997). Third, we used a more interfering TMS regimen with
multiple instead of single pulses (Johansen-Berget al., 2002; Wer-
hahn et al.,, 2003; Fridmann et al., 2004). Together, these points
are likely to enhance the sensitivity to detect interferences with
recovered behavior in stroke patients.

Of note, the intensity of the fMRI signal in M1 (CON-H)
varied across patients and was positively correlated with the effect
of jamming over M1 on temporal preciseness of finger sequences.
For the dPMC, no such correlation was observed. All patients
showed similar increases in fMRI activation in this area. This
suggests (1) that the nature and extent of M1 and dPMC contri-
bution to recovered function differ and (2) that the M1 effects are
unlikely to be caused by spread of the induced magnetic field
from M1 to the dPMC. In the latter case, one would expect sim-
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ilar behavior of both points in the correlation analysis. Field
spread is also unlikely because M1 and dPMC stimulation sites
were 3.1 = 1.3 cm apart.

It is unlikely that M1 of the CON-H contributes to motor
recovery in capsular stroke through an ipsilateral (uncrossed)
monosynaptic corticospinal pathway (Foltys et al., 2003; Gerloff
etal., 2006). We favor the interpretation that this area is involved
in higher-order motor processing.

Could it simply be that “recovered” movements are relatively
more complex for stroke patients and that this explains our data?
This view could explain several neuroimaging and neurophysio-
logical results related to recovery after stroke, but it cannot ex-
plain that jamming over the SPL resulted in an increase in accu-
racy errors but not over the dPMC where only timing errors were
observed. Therefore, a more specific contribution of areas of the
CON-H for recovered hand function can be assumed.

Timing errors induced by TMS to the CON-H were compa-
rable to those induced by stimulation of the DAM-H within M1,
the dPMC, and the SPL, indicating that effective motor recovery
after stroke makes use of a distributed neuronal network in both
hemispheres.
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