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Movement of an affected hand after stroke is associated with
increased activation of ipsilateral motor cortical areas, suggesting
that these motor areas in the undamaged hemisphere may adap-
tively compensate for damaged or disconnected regions. However,
this adaptive compensation has not yet been demonstrated di-
rectly. Here we used transcranial magnetic stimulation (TMS) to
interfere transiently with processing in the ipsilateral primary
motor or dorsal premotor cortex (PMd) during finger movements.
TMS had a greater effect on patients than controls in a manner that
depended on the site, hemisphere, and time of stimulation. In
patients with right hemiparesis (but not in healthy controls), TMS
applied to PMd early (100 ms) after the cue to move slowed simple
reaction-time finger movements by 12% compared with controls.
The relative slowing of movements with ipsilateral PMd stimula-
tion in patients correlated with the degree of motor impairment,
suggesting that functional recruitment of ipsilateral motor areas
was greatest in the more impaired patients. We also used func-
tional magnetic resonance imaging to monitor brain activity in
these subjects as they performed the same movements. Slowing of
reaction time after premotor cortex TMS in the patients correlated
inversely with the relative hemispheric lateralization of functional
magnetic resonance imaging activation in PMd. This inverse cor-
relation suggests that the increased activation in ipsilateral cortical
motor areas during movements of a paretic hand, shown in this
and previous functional imaging studies, represents a functionally
relevant, adaptive response to the associated brain injury.

A number of functional brain-imaging studies have demon-
strated increased activation of ipsilateral motor areas dur-

ing movement of the affected limb after stroke (1–7). A popular
interpretation of such activation is that areas in the intact
hemisphere adaptively compensate for damaged regions (8).
However, identification of movement-related activation with
functional imaging does not establish the functional significance
of this ipsilateral activation. For example, ipsilateral activation
could be a correlate of mirror movements (9), reflect potentially
maladaptive disinhibition of the intact motor cortex due to
reduced transcallosal influences (10), or reflect increased atten-
tion to movement (11). An additional possibility is that ipsilat-
eral activation reflects compensation rather than adaptive re-
covery, i.e., it may reflect use of a different cognitive strategy for
movement after stroke, rather than new recruitment of these
areas to some functional equivalence with damaged or discon-
nected contralateral motor regions (8).

The evidence suggesting that adaptive plasticity in the un-
damaged hemisphere contributes to motor recovery is increas-
ingly compelling (albeit indirect). In a rat model, for example,
improved motor function after rehabilitative training following
experimental stroke was associated with dendritic growth in the
undamaged motor cortex (12). In human imaging studies, in-
creased activation in ipsilateral dorsal premotor cortex (iPMd)
during movement of the affected limb has been reported (3, 13)
and longitudinal studies show that iPMd activity is present only
after some recovery has taken place (14).

Clinical evidence that the undamaged hemisphere may be-
come crucial for recovered movement can be found in reports of
patients who have had a second stroke (15). In these cases,
patients had recovered movement of the initially affected limb.
However, a second stroke in the previously undamaged hemi-
sphere resulted not only in a new contralateral hemiparesis, but
also in a reappearance of the original motor deficit in the limb
ipsilateral to the second stroke.

However, direct stimulation studies using transcranial mag-
netic stimulation (TMS) have shown motor-evoked potentials
are induced in ipsilateral muscles most commonly in patients
with poor recovery (16), and some imaging studies have sug-
gested that ipsilateral activation decreases as recovery occurs
(17–19). Thus, it is possible that increased ipsilateral motor
cortex involvement is a marker of poor outcome (16), rather than
an adaptive response contributing to reduced impairment.

The most direct evidence confirming the role of ipsilateral
motor areas in recovery should come from controlled studies of
the effects of removing or disrupting these areas. Until now such
approaches have been possible only in animal studies, in which
candidate regions can be removed or inactivated by cooling or
local application of inhibitory drugs (20–22). Studies of recovery
of dexterity after M1 lesions in macaque monkeys have suggested
that recovery depends principally on preserved function in intact
areas in the lesioned hemisphere (21, 22). However, these studies
have involved relatively small lesions and are difficult to extrap-
olate to pathology more typical of human strokes.

The functional significance of ipsilateral motor areas can now
be tested in humans by TMS, which can be used to interfere
transiently with processing in a specific, chosen cortical area
(23). If a task-relevant signal is being processed locally, then
interference from the TMS pulse can produce an observable
behavioral effect. For example, TMS of M1 after a cue to move
can slow reaction times (24).

In addition to providing information on which brain areas are
crucial for task performance, single-pulse TMS allows the timing
of cortical processing in that area to be determined. For example,
the behavioral effects of TMS pulses over M1 and PMd during
choice reaction-time tasks depend on pulse timing (25, 26). PMd
stimulation slows responses when applied in an early time
window (100–140 ms after a cue to move), whereas M1 inter-
ference effects occur later (at least 200 ms after the cue) (25).
This dissociation is thought to reflect the distinct roles of the two
areas, with PMd involved in movement selection and M1 in
movement execution. The timing of task disruption by PMd TMS
corresponds well to the time when PMd neurons begin to
be active in single-unit recording studies of movement selec-
tion (27).

Although TMS has been used extensively to map motor
representations after stroke by recording muscle responses
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evoked by cortical stimulation (16), it has not previously been
used as a temporary interference technique in stroke to our
knowledge. The present study used this approach to investigate
the functional importance of ipsilateral motor areas in recovered
movements and to extend investigation beyond M1. First, func-
tional MRI (fMRI) was used to quantify activation of ipsilateral
motor areas during simple (visually cued index-finger move-
ment) and choice (visually cued random four-finger movement)
reaction time (RT) tasks. Second, single-pulse TMS was used to
interfere temporarily with processing during the same move-
ments. We then compared the effects of ipsilateral TMS during
simple RT movements in stroke patients with those in age-
matched controls. Finally, we tested for a relationship between
TMS and fMRI measures and between TMS measures and
impairment in the patients.

Methods
Subjects. Sixteen healthy controls and 11 patients after first
ischemic left middle cerebral artery territory stroke were tested
in accordance with local ethics approval. All subjects were
right-handed. Half the controls performed tests with the left, and
half with the right hand. Data from controls (age, 40.7 � 14.0)
were analyzed to characterize normal responses to TMS during
simple and choice RT tasks. For simple RT only, patients (age,
50.4 � 11.14) were compared with a subset of five healthy
controls who performed tests with the right hand and were
adequately age-matched (age, 48.4 � 14.2). Stroke volume was
variable (Table 1), but all patients were in a clinically stable
period after first presentations with unilateral hemiparesis. It is
likely that the initial hemiparesis was caused by subcortical
damage to descending motor tracts. None of the strokes that
extended into cortex involved cortex within the volumes of
interest defined below for the hand area of M1 (28) or PMd (29).
None of the patients had critical stenosis of the proximal internal
carotid artery.

A hand-impairment measure was calculated for each patient
based on reaction times without TMS {impairment � [(A �
U)�U] � 100, where A � affected and U � unaffected hand RT}.

fMRI Scanning. Axial echo-planar volumes (21 � 6 mm slices,
TE � 30 ms, TR � 3,000 ms, FOV � 256 � 256, matrix � 64 �
64, voxel size 4 � 4 � 6 mm) and a T1-weighted anatomical
image (IR 3D Turbo Flash, 64 � 3 or 1.5 mm axial slices, TR �
30 ms, TE � 5 ms, TI � 500 ms, f lip angle � 15°, FOV � 256 �
256, matrix � 256 � 256) were acquired for each subject on a 3T
Varian�Siemens MRI system.

Subjects performed 30-s blocks of visually cued RT tasks
presented in pseudorandomized order alternating with rest. In
separate blocks, simple (always index finger) or choice [cue
specifies (at random) which of the four fingers of one hand to
press] RT tasks were performed. Subjects practiced the tasks

beforehand until they could perform them easily and accurately.
All patients could perform the simple RT task well. Some
patients were unable to perform the choice RT task, and those
who did perform that task did so more slowly than controls
(patients, 550 � 55 ms; age-matched controls, 423 � 36 ms). For
this reason, only data from the simple RT task are reported for
patients.

Image Analysis. We used tools from the Oxford Centre for
Functional Magnetic Resonance Imaging of the Brain Software
Library (FMRIB, Oxford, U.K.; www.fmrib.ox.ac.uk�fsl). The
following prestatistics processing was applied: motion correction
by using MCFLIRT (30); spatial smoothing by using a Gaussian
kernel of FWHM 5 mm; mean-based intensity normalization of
all volumes by the same factor; nonlinear high-pass temporal
filtering (Gaussian-weighted least squares straight line fitting,
with � � 90 s). Statistical analysis used FILM with local auto-
correlation correction (31). Random effects group analyses were
performed and group Z statistic images were thresholded by
using Z � 3.1, and a cluster significance threshold of P � 0.01,
corrected for multiple comparisons (32).

Volumes affected by excessive motion (�10-mm displace-
ments) were discarded. This procedure was necessary for two
patients (patients 7 and 9). For one patient (patient 8) excessive
motion was present throughout the experiment; therefore, all
data from this patient were discarded.

Further analysis of fMRI data focused on individually defined
volumes of interest (VOIs) corresponding to sites of ipsilateral
TMS and their homologues in the contralateral hemisphere:
(i) Primary motor cortex (M1), anterior bank of central sulcus
plus posterior half of precentral gyrus superiorly from the dorsal
surface of the lateral ventricles; and (ii) dorsal premotor cortex
(PMd), anterior half of precentral gyrus and the precentral
sulcus superiorly from the dorsal surface of the lateral ventricles.
Registration of VOIs to statistical images was performed by
using FLIRT (30).

The maximum percent signal change from rest to movement
was calculated within each VOI for each task. Effects of task,
hemisphere, and brain region were analyzed by using repeated
measures general linear models followed up with paired t tests.

Maximum relative signal changes in individual VOI pairs were
used to calculate a laterality index [(C � I)�(C � I), where C �
contralateral and I � ipsilateral maximum percent signal
change]. Paired t tests tested the hypotheses that greater acti-
vation would be seen during choice than the simple RT task, that
activation would be greater in the contralateral than ipsilateral
hemisphere, and that activation would be more lateralized in M1
than PMd.

TMS Testing. For each subject, one hemisphere was stimulated,
and testing was performed on the hand ipsilateral to the
stimulated hemisphere. For patients, the nonstroke hemisphere
was stimulated and the affected hand was tested. Eight controls
were stimulated over the right hemisphere and eight over the left
hemisphere.

A figure-of-eight stimulation coil was used to localize M1
(each wing 50 mm in diameter). The coil was connected to a
Magstim Rapid Stimulator (Magstim, Camarthenshire, Wales,
U.K.) with a maximum output of 2 Tesla. An initial estimate of
the scalp position above the hand area of M1 was marked 4 cm
lateral and 2 cm anterior to the vertex (Cz). The motor ‘‘hot
spot’’ was localized by looking for visible finger movement of the
contralateral hand in response to TMS of points around this
mark (25, 26).

Two stimulation sites were marked relative to this hot spot: a
primary sensorimotor site (M1) 1 cm posterior to the hot spot
and a dorsal premotor site (PMd) 2 cm anterior and 1 cm medial
to the hot spot. Previous studies have shown that TMS at these

Table 1. Patient details

Patient Sex Age Volume, cm3 Time after stroke Impairment

1 M 59 �0.1 40 10.9
2 F 57 8 12 3.8
3 M 45 36 24 �6.4
4 M 55 4 12 �0.4
5 M 50 12 13 17.6
6 F 35 0.15 5 12.7
7 M 42 �0.1 8 �4.1
8 M 53 �0.1 31 1.5
9 M 75 �0.1 7 5.7
10 M 44 �0.1 4 17.9
11 M 46 �0.1 12 �6.1
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two sites leads to dissociable effects on movement selection and
execution (25, 26).

For the remainder of the experiment a slightly larger figure-
of-eight coil was used (70-mm wing diameter) for both sites. Use
of this larger coil increased the likelihood that each of the crucial
regions would be stimulated as intended. Before this final stage
of testing, motor thresholds were remeasured at M1 with the
larger coil. We reconfirmed that stimulation over the PMd site
at the same intensity did not evoke visible movement with the
larger coil. Stimulation was applied at 120% of M1 threshold for
most subjects (55–74% of maximum stimulator output). For
three subjects (two controls, one patient) with apparently high
thresholds, stimulation was applied at 115% of threshold to
minimize discomfort (76–85% of maximum stimulator output).

All controls performed the simple and choice RT tasks they
had performed previously during fMRI. All patients performed
the simple RT task. Tasks were performed in blocks of 60 trials,
twice with M1-directed TMS and twice with PMd-directed TMS.
Subjects practiced each task without TMS first. Patients prac-
ticed first with the unaffected and then with the affected hand.
On TMS blocks stimulation was randomly applied on half of all
trials at one of five stimulation times: 50, 100, 150, 200, and 250
ms after the movement cue. Data were analyzed for all five time
points in the choice RT task, but only the first three time points
were analyzed in the more quickly performed simple RT task.

Frameless Stereotactic MRI-Guided Localization of TMS Sites. A
Polaris IR tracking device (Northern Digital, Waterloo, ON,
Canada) was used to detect reflective probes attached to land-
marks (nose tip and bridge, left and right tragus) and reference
points on the subject’s head and the TMS coil. BRAINSIGHT
software (Rogue Research, Montreal) was used to coregister the
subject’s head with their MRI scan. This system was used
to confirm individually the localization of stimulation sites
with respect to anatomical landmarks on each subject’s MRI
scan (33).

Analysis of TMS Reaction Times. Median correct RTs were found
for each condition with and without TMS. The relative change
in RT from the no-TMS baseline was calculated for each time
point, condition, and stimulation site. Effects of stroke, task,
stimulation time, and site were tested with repeated measures
general linear models and paired t tests. Pearson’s correlation
coefficients were calculated to assess correlations between
fMRI, TMS, and impairment measures in patients.

Results
Experiment 1: Simple and Choice RT Tasks in Controls. Movement-
related fMRI activation. Controls activated the expected network
of sensorimotor regions during finger movements (Fig. 1).

Activation was detected in the ipsilateral hemisphere for both
tasks.

The maximum percent signal changes within the chosen VOIs
were calculated (Fig. 2). Greater activation was seen during
choice RT than with simple RT in all VOIs. Overall, activation
was greater in the hemisphere contralateral to the hand moved.
The difference between contra- and ipsilateral activation was
significant for M1, but not for PMd (Fig. 2). PMd activation had
a lower laterality index (i.e., activation was less lateralized to the
contralateral hemisphere) than M1 (F � 5.66, P � 0.032) for
both tasks (simple, t � 5.00, P � 0.001; choice, t � 3.86, P �
0.002).
Effect of TMS on reaction times. We wished to test the functional
significance of the ipsilateral activation detected with fMRI. We
did this in separate studies of the same subjects by applying TMS
to interfere temporarily with processing in ipsilateral M1 and
PMd during identical simple or choice RT tasks.

Mean reaction times without TMS were significantly slower
for the choice than the simple RT task (simple, 224.9 � 42.4 ms;
choice, 403.6 � 28.3 ms; t � 5.84, P � 0.001). The relative
changes in RT from this baseline induced by TMS at selected
times after the cue to move were calculated (Fig. 3). To test for
differences in TMS effects with different movements, stimula-
tion sites and times, the relative changes in RT were analyzed in
a repeated measures general linear models. Consistent with the
finding of increased ipsilateral fMRI activation during the choice
RT task, ipsilateral TMS slowed responses more during the
choice than with the simple RT task (F � 17.26, P � 0.001).
However, the differential effects of TMS on the two movement
tasks depended also on the site and time of stimulation (task �
time, F � 7.49, P � 0.002; task � site, F � 10.30, P � 0.006).

A specific role for ipsilateral PMd (iPMd) [and not ipsilateral
M1 (iM1)] early in the choice RT task can be seen in Fig. 3A;
TMS over iPMd slows responses more than TMS over iM1 at 100
ms in the choice RT task (t � �2.31, P � 0.035, Fig. 3A). Early
involvement of iPMd is specific to the choice (and not simple)
RT task; TMS over iPMd has a greater effect on the choice than
the simple RT task both at 50 ms (t � �3.88, P � 0.001) and at
100 ms (t � �2.58, P � 0.021) (Fig. 3B). The speeding effects of
TMS at certain time points (e.g., M1 TMS at 50 ms during the
choice RT task) is probably due to multisensory facilitation
effects (e.g., the auditory and tactile stimulation that occur with

Fig. 1. In controls, choice RT tasks (Right) produced more overall, and more
bilateral fMRI activation than simple RT tasks (Left). Activation from left- and
right-hand groups have been combined by rotating the data for left-hand
movement about the midline. The left hemisphere is on the right-hand side of
the images. Images are thresholded at Z � 3.1; cluster extent threshold of P �
0.01. Arrows indicate position of the central sulcus.

Fig. 2. Mean values for fMRI signal change within VOIs for healthy controls.
More activity occurred during choice (white bars) than during simple (black bars)
RT tasks (F � 69.562, P � 0.001) for all VOIs (CM1: t � 6.2, P � 0.001; IM1: t � 5.2,
P � 0.001; cPMd: t � �7.0, P � 0.001; iPMd: t � �5.6, P � 0.001). More activity
occurred contralateral than ipsilateral to the hand moved (F � 10.519, P � 0.006).
This lateralitydifferencewassignificantforM1(simple: t�3.10,P�0.007;choice:
t � 4.64, P � 0.001) but not PMd (simple: NS; choice: t � 1.83, P � 0.088). Error bars
represent standard errors.
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a TMS pulse speeds responses to the visual cue) that often occur
when TMS is applied over an area when it is not specifically
involved in a task (23).

We studied both right- and left-hand movements. Ipsilateral
TMS slowed responses more when applied over the left than the
right hemisphere (F � 9.84, P � 0.007). The dependence of TMS
effects on the time and site of stimulation also varied between
left- and right-hand movements (site � time � hand, F � 4.56,
P � 0.019). Slowing effects of early (100 ms) TMS of iPMd
during the choice RT task were only seen for the left hemisphere
(Fig. 3C).

Experiment 2: Comparison of Patients and Age-Matched Controls
During a Simple RT Task. Movement-related fMRI activation. Like
controls, patients activated a network of sensorimotor areas
during hand movement. Analysis of signal changes within VOIs
during the simple RT task showed that large variations occurred
in the magnitude, extent, and laterality of fMRI activations
among patients (who were heterogeneous for lesion volume and
for residual functional impairment) (Fig. 4). No significant group
differences between patients and controls occurred in any VOIs.

We tested for a relationship between fMRI measures and
hand impairment. Relatively increased ipsilateral activation,
reflected by lower laterality indices, was most common in poorly
recovered patients; we found a negative correlation between
impairment and fMRI laterality in M1 (r � �0.79, P � 0.007,
Fig. 4) and a trend for a correlation with laterality in PMd (r �
�0.55, P � 0.1).

We wished to test the functional significance of ipsilateral
activation in patients and to explore whether the pattern of
TMS-induced disruption of a simple RT task differed between
patients and controls.

Effect of TMS on reaction times. Without TMS, reaction times for the
simple RT task in patients (240.7 � 48.3 ms) were similar to
age-matched controls (228.9 � 23.5 ms).

The relative change in RT with ipsilateral TMS applied to
either M1 or PMd varied with the time of stimulation relative to
the cue (M1: F � 9.91, P � 0.001; PMd: F � 5.57, P � 0.01; Fig.
5). With TMS of iPMd the effects of TMS varied significantly
between patients and healthy controls; a significant interaction
occurred between stimulation time and group (F � 4.84, P �
0.016), suggesting that differences between patients and controls
were stimulation-time-dependent. No interactions were seen
with iM1 TMS. The effects of iPMd TMS were greater for
patients than for controls when applied 100 ms after the cue to
move (Fig. 5). The results suggest that at least some of the
patients are recruiting iPMd early after the cue to move.

This pattern of iPMd involvement in patients is similar to the
pattern seen in control subjects during a choice RT task (Fig. 3
A and B). However, in control subjects we found significantly
greater effects of ipsilateral TMS over the left hemisphere than
over the right hemisphere. The age-matched controls in exper-
iment 2 were tested with the right hemisphere and right hand (for
comparison with the patients with left-hemisphere stroke). Early
TMS of right PMd does not affect choice RT with the right hand
in healthy controls (Fig. 3C).
Correlations between TMS interference and fMRI or hand impairment. We
then tested the extent to which involvement of iPMd at 100 ms
reflected patterns of activation present in the fMRI data for
patients. We found a negative correlation between the magni-
tude of the 100-ms iPMd TMS effect and fMRI laterality index
in PMd (r � �0.82, P � 0.004; Fig. 6), which suggests that the
laterality of fMRI signal changes reflect functionally significant
activity.

Finally, we tested whether the magnitude of TMS effects was

Fig. 3. Behavioral effects of TMS for the healthy control group. (A) During choice RT task an early time period exists during which ipsilateral TMS has an effect
when applied over premotor (dotted line) but not primary motor (solid line) cortex. (B) Early involvement of iPMd is specific to choice (dotted line) rather than
simple (solid line) RT tasks. (C) Early involvement of iPMd in choice RT was greater for left (dotted) than right (solid) hemisphere stimulation. Error bars represent
standard errors.

Fig. 4. Variability occurred in the relative lateralization of fMRI activation in patients. (A and B) Representative activation maps for a simple RT task versus rest
for two individual patients. Bilateral motor cortex activation was most common in more impaired patients (e.g., A, illustrating results from a patient with
impairment score of 17.9). Predominantly contralateral activation (i.e., similar to the control pattern) was most common in less impaired patients (e.g., B, from
a patient with impairment score of �6.2). We found a correlation between impairment and lateralization of fMRI activity (C) fMRI data are thresholded at
Z �3.1, and a cluster extent threshold of P � 0.01.
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related to the degree of hand impairment. We found a positive
correlation between the effect of iPMd TMS at 100 ms and a
measure of finger-movement impairment in patients that was
close to significance (r � 0.62, P � 0.057).
Confirmation of targets of TMS. TMS trajectories for patients and
controls overlapped (Fig. 7). M1 trajectories met the cortical
surface around the central sulcus, and PMd trajectories met the
cortical surface around the anterior precentral gyrus or superior
precentral sulcus (Fig. 7).

Discussion
fMRI scanning of patients after stroke demonstrated that pat-
terns of brain activity alter after injury; brain activation during
simple finger movements is more bilateral in more severely
impaired patients. However, it is uncertain whether the ipsilat-
eral, motor-related activity is behaviorally significant. We there-
fore used TMS to test the functional significance of this activa-
tion specifically.

Interference with ipsilateral motor areas by TMS slowed
movements in both healthy controls and patients, but interfer-
ence in patients occurred in a manner distinct from that seen in
the healthy controls. The differential effect of TMS in patients
and controls depended on pulse location and timing. TMS over
the right PMd slowed right index finger movements in right
hemiparetic patients, but not in age-matched controls when
applied 100 ms after the cue to move (Fig. 5A), which suggests
that the ipsilateral motor cortical activation observed in patients

after strokes causing hemiparesis reflects functionally significant
involvement of this cortex in the motor task. The magnitude of
the 100-ms iPMd TMS slowing effect in patients correlated with
the laterality of PMd fMRI activation during the simple RT task,
so fMRI activity lateralization after stroke reflects the relative
magnitude of this adaptive activity in ipsilateral cortex. The
magnitude of the 100-ms iPMd TMS slowing effect in patients
also correlated with impairment, suggesting that poorly recov-
ered patients depend more on activity in iPMd to perform a
simple RT task.

The TMS and fMRI methods used here provide information
on very different temporal scales. Although dissociable effects
can be found with TMS pulses 50 ms apart, the changes in BOLD
signal detected here will reflect activity over the whole of a 30-s
task block. Although both healthy controls and patients may
have fMRI activity in iPMd, TMS allows a clear distinction to be
made between these activations for the two groups. The timing
of TMS interference suggests that in healthy subjects the role of
iPMd in this task is limited to the late stages of a trial, whereas
in stroke patients iPMd is additionally involved in the early stages
of a trial.

In healthy controls, involvement of ipsilateral motor areas is
greater with more complex movements (34, 35). The increased
involvement of ipsilateral premotor cortex in simple movements
of an impaired limb could just reflect the relative difficulty of
such movements. The timing of the interference effects of iPMd
during the simple task in patients is similar to that observed for
the more complex, choice RT task in healthy controls here (Fig.
3A) and in previous studies of a similar task (25), also suggesting
that simple movements after stroke may involve a spatial and
temporal pattern of motor cortical activity similar to that
associated with more complex movements in healthy controls.
Nonetheless, the results from patients imply a quantitative
change in the functional relationships between brain activity in
iPMd and behavior after injury.

In healthy controls early (100 ms) involvement of iPMd in
choice RT was apparent with TMS of the left hemisphere only
[Fig. 3C, reflecting a greater role for the left hemisphere in
ipsilateral movements as reported (25, 36, 37)]. Whereas in
patients with left hemisphere stroke effects on the simple task
were seen with right PMd stimulation, suggesting that this cortex
plays a role in simple movements of the right (affected) hand that
was not observed in healthy controls for any of the right-hand
movements tested here. Thus, a qualitative change also occurs in
the relationships between brain activity in iPMd and behavior
after injury.

Because hemodynamic and electrical changes can be detected
in adjacent and interconnected areas after a TMS pulse (33), it
is important to consider whether the observed effects could be
mediated by transcallosal stimulation of cPMd (38), which seems
unlikely. If the effects of ipsilateral stimulation were largely
mediated by transcallosal influence on contralateral areas, then
direct contralateral stimulation should produce similar effects.

Fig. 5. (A) TMS over iPMd during a simple RT task had distinct effects in
patients (dotted line) and controls (solid line). Pulses at 100 ms slowed patients
but not controls. This early slowing effect of iPMd TMS was only seen in
controls during a choice RT task (see Fig. 3). (B) No clear differences between
patients and controls were seen with TMS over iMC. Error bars represent
standard errors.

Fig. 6. In patients significant correlation occurred between TMS and fMRI
measures. Patients with a low PMd fMRI laterality index (i.e., relatively bilat-
eral) during a simple RT task also showed a large slowing effect of 100-ms iPMd
TMS during the same task. The upper confidence limit (one-tailed, P � 0.05) for
percent change in RT with TMS for age-matched controls was �0.006%. Seven
of 10 patients fall outside this limit.

Fig. 7. MRI guided confirmation of sites of TMS for patients (blue) and
controls (yellow) in standard space. TMS targets for all subjects overlaid on the
control fMRI maps (Z � 3.1, P � 0.01). (Left) PMd site; (Right) M1 site. Sagittal
slices are at the mean � coordinate for each site (PMd, x � 24; M1, x � 40).
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However, contralateral stimulation produces qualitatively dif-
ferent patterns of disruption to ipsilateral stimulation (25). In
addition, in the current study we found a negative correlation
between the laterality of fMRI PMd activation and the size of the
PMd TMS slowing effects; effects of iPMd TMS were greatest in
patients who showed relatively increased ipsilateral (or de-
creased contralateral) activation of PMd.

Our TMS results suggest that it is the premotor rather than the
primary motor cortex of the ipsilateral hemisphere that is
differentially more involved in patients relative to controls for
simple movements. Consistent with this finding, previous imag-
ing studies have reported increased activation in iPMd during
movement of the affected limb (3, 13), and the present study has
shown that such activations tend to be found in more impaired
patients. This finding could reflect relatively increased recruit-
ment of uncrossed corticospinal projections from the PMd in
patients compared with controls during this simple task, as has
been reported for the damaged hemisphere in acute stroke (39).
Although the majority of corticospinal projections originate in
M1, a substantial proportion come from other motor areas (40).
In addition, whereas 70–90% of pyramidal fibers decussate into
the lateral corticospinal tract, 10–30% are uncrossed and de-
scend as the ventral corticospinal tract (41). PMd has prominent
bilateral connections to the spinal cord (42). However, the
ipsilateral connections of PMd are with ventromedial spinal
areas that are less concerned with distal movement. The pattern
of spinal connectivity from PMd therefore may constrain the
degree of recovery possible. The more impaired patients, in
whom iPMd seemed to be most important for movement, were

able to make the simple movements needed for the simple RT
task, but were unable to make the individual finger movements
required for the choice RT task. Projections of nonprimary
motor areas to spinal motor neurons have a pattern distinct from
those of M1 (43), which also may limit the extent and manner in
which PMd can contribute to recovery. Further experiments are
needed to establish the anatomical route by which iPMd influ-
ences the spinal cord in these patients

Involvement of iPMd was greatest in the more impaired
patients. Therefore, the present results cannot be interpreted as
showing that the undamaged premotor cortex is functionally
substituting for the injured contralateral motor system in a
complete and simple way (8). What seems clear, however, is that
increased activity in iPMd is not maladaptive (16), because the
effects of TMS disruption have demonstrated that iPMd activity
is functionally significant. iPMd behaves as if it mediates partial
adaptive compensation for injured motor cortex after stroke.
Although greater injury produces greater impairment, it also
provokes a greater adaptive response. Although increased use of
iPMd does not enable complete recovery in the most impaired
patients, it is likely that it enables greater recovery than would
have been possible otherwise.
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