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HIGHLIGHTS

e fMRI activation in ventral premotor cortex is increased after arm training in subacute stroke patients.
® Ventral premotor cortex activation after training is more pronounced than in healthy controls.

® No change is present for the representation of unaffected hand movement.

® Premotor areas may still play a role in good recovering stroke patients.
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To investigate therapy associated changes in the cerebral representation of movement after stroke, we
used functional magnetic resonance imaging (fMRI) during an active and a passive motor task for the
affected and unaffected hand before and after a three week comprehensive hand motor training.

Twelve patients in the subacute phase from 2 to 9 weeks after mild to moderate motor stroke were
recruited. During fMR], the active task comprised fist clenching, which was precisely controlled for motor
performance by visual feedback of force and frequency. The passive task consisted of wrist flexion-
Subacute stroke extension of 1Hz frequency by means of a pneumatic driven splint. Arm Ability Training (AAT) was
Motor training conducted one hour per day over 3 weeks in addition to inward rehabilitative therapy. Performance gain
fMRI was tested using movements trained with AAT, but also with conventional hand motor tests (Nine-Hole-
Peg Test, Box-and-Block Test).

Rehabilitation therapy and AAT resulted in considerable improvement of performance in trained tasks
and other hand motor functions (e.g., Nine-Hole-Peg Test). FMRI activation in the ventral premotor cortex
(vPMC) of the lesioned hemisphere increased over time for the active task only for the affected hand. No
such change was present for the passive wrist extension task or the active task with the unaffected hand.
In addition, only for the post measurement of the active task performed with the affected hand, bilateral
vPMC shows a more pronounced activation than in healthy controls. This finding contradicts the simple
“near to normal is good recovery” opinion.
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1. Introduction

Functional imaging has been applied to document motor recov-
ery after stroke for more than two decades [1,2]. However, for
the subacute state when patients undergo intensive motor reha-
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bilitation and conditions for motor learning are optimal [3,4],
longitudinal data of the functional representation of movements
are limited. In addition, performance control during imaging is
essential since movement parameters such as force, amplitude and
frequency are associated with the magnitude of fMRI activation
[5-7].

For cross-sectional studies with patients in the acute or subacute
stage, higher activation levels compared to healthy subjects have
been reported even in the contralesional hemisphere while moving
the affected hand [8]. A meta-analysis of 36 studies at different
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stages of stroke confirmed these findings and reported activations
above the levels of healthy controls in several motor areas [9].

One consistent result in cross-sectional and longitudinal stud-
ies with different motor tasks is that a development to “normal”
activation patterns similar to those of healthy subjects seems to
be important for recovery [10] with focused recruitment of the
ipsilesional primary motor cortex during movement of the affected
hand (M1) [6,8,11-13]. However, the focus on the ipsilesional M1
(M1il) does not necessarily imply good recovery [ 13] and even good
recovering patients may show contralesional M1 (M1cl) activation
[14-17]. Especially the dorsal premotor cortices (dAPMC) in both
hemispheres play a role in recovery processes [18-20]. There is
also evidence for an enhanced involvement of the ventral premo-
tor cortex (VPMC) after stroke [21]. In addition connectivity studies
emphasized the importance of the connection between the ipsile-
sional vPMC and M1 [22-25].

The character of activations in secondary motor areas resem-
bles those of complex task activations in healthy subjects. It might
therefore reflect the difficulties for patients to perform well [26].
Some results pointed towards a stronger need for higher-order pro-
cessing in patients and a more specific contribution of these areas
to motor recovery than in complex tasks [27].

In order to determine changes in hand motor performance and
cerebral representation of hand movements during the recovery
from stroke, we investigated subacute patients with mild to mod-
erate unilateral hand motor impairments using an active and a
passive task. Both tasks were highly controlled for effort and motor
performance. We compared their representation maps of unilat-
eral hand movements to those of healthy controls. The aim was
to investigate the role of additionally active motor areas espe-
cially when motor performance improved well. This improvement
was ensured by investigating patients who underwent Arm Ability
Training (AAT) over 3 weeks in addition to inward rehabilitative
therapy. The AAT has already been shown to be effective in this
stage of hand motor recovery [28,29].

We expected differences in stroke patients’ representations
before and after training reflecting a recovery of hand function. We
hypothesized that these changes in brain activity will lead to move-
ment representations similar to those of healthy controls. Based on
the literature [18-21] especially the active task may show some
additional involvement of motor areas even in good recovering
patients.

2. Methods
2.1. Participants

Overall 18 patients were recruited from the BDH Neuroreha-
bilitation Center in Greifswald. All patients had been diagnosed
with a first-ever unilateral ischemic stroke. Exclusion criteria were
brainstem infarcts, epileptic seizures, additional neurological or
psychiatric diseases, ferromagnetic devices, pregnancy and seri-
ous cognitive impairments. In order to perform the motor training
patients had to be able to grasp smaller objects and to move their
arm against gravity (with a score of >3 at the Medical Research
Council (MRC) scale for pinch grip and >4 for shoulder abduction
and elbow flexion respectively [30]). Four patients did not partici-
pate in the whole training program. They were not further analyzed
due to incomplete data.

Data of 14 patients (11 male; mean age=59.7 4+ 12.1 years;
range =33-73 years; 12 right-handed; average score of handed-
ness 83.84+32.8 according to [31]) were recorded. Patients were
included 2-9 weeks after stroke incident (on average 4.6+1.9
weeks). Data of two patients had to be discarded because of severe
motion artifacts. The remaining 12 patients who are described in

Table 1 contributed to the final group analysis. All patients showed
mild to moderate motor impairments (Motricity Index (MI) Upper
Extremity Score 72-92 [32]), mostly no spasticity (REsistance to
PAssive movement Scale 0-2 (REPAS, arm score) [33]) and overall
minor to moderate stroke severity (National Institutes of Health
Stroke Scale 0-6 (NIHSS) [34]) before training (see Table I).

Additionally, 14 age-matched healthy controls (HC; 8 male/6
female: mean age =60.6 + 11.6 years; range = 33-73 years; all right-
handed) without history of neurological or psychiatric disease
participated in a onetime fMRI investigation only. They were
recruited by an announcement posted at the university and
other public places. Participants in both groups provided written
informed consent, which was approved by the Ethics Commit-
tee of the University Medicine Greifswald. Only the patient group
received the following motor training in addition to inward reha-
bilitative therapy.

2.2. Motor training

Rehabilitative therapy mostly aimed to improve arm and hand
functions. Therapy was adjusted to individual needs. Therefore
therapy composition and durations differed between patients (on
average 9.55h per week). All of them additionally received Arm
Ability Training (AAT).

The AAT is a repetitive and standardized training targeting
different sensorimotor abilities such as fast finger movements,
arm-hand steadiness, aiming and dexterity of the affected arm and
hand [28]. Patients trained for about one hour each workday for
3 weeks. Details of the standard training procedures for AAT, as
it has been applied here, are described elsewhere [35,36]. Training
comprised eight different tasks for the affected hand, each of which
performed twice. After completion of the 8 x 2 task-set, the series
was performed a second time, resulting in a total number of four
repetitions per task. The following tasks were trained repetitively:
Aiming, tapping, crossing circles, turning coins, labyrinth, nuts and
bolts, placing small objects, placing large objects (see also Fig. 1 and
[28,29]). At the first day of training, the individual number of repe-
titions within one minute for each task and block was determined
for every patient based on the patient’s individual motor capaci-
ties and kept constant for the following training days. Time needed
for the execution of each of the eight trained tasks was recorded
daily. Improved performance was indicated by reduced execution
time keeping accuracy demands of the tasks constant. Performance
feedback was given verbally and visually in order to maintain moti-
vation. The AAT has been shown to be a highly effective training for
mild to moderate arm paresis after stroke [29].

2.3. Motor assessment

Motor performance of patients was assessed before and after
training in terms of Nine-Hole-Peg Test (NHPT) [37] and Box-and-
Block Test (BBT) [38] for both hands.

2.4. MRI data acquisition

We used a 3T MRI-scanner (Verio, Siemens, Erlangen, Germany)
with a 32 channel head coil. Functional imaging was performed
with a standard gradient-echo EPI sequence of 34 transversal slices
oriented along the subjects AC-PC plane. In plane resolution was
3 x 3mm?, slice thickness 4 mm and the gap between slices 1 mm.
The field of view was 208 x 208 mm? corresponding to an acquisi-
tion matrix of 104 x 104. Repetition time was 2 s, echo time 23 ms,
and the flip angle 90°.

Structural imaging was carried out using a sagittal T1-weighted
3D MPRAGE with 176 slices, a spatial resolution of 1 x 1 x 1 mm?3
and a gap of 0.5mm between the slices. The field of view
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Table 1

Demographic and clinical data of stroke patients; 2 additional patients were not included in the analyses because of severe motion artifacts.

Subject Age  Gender MMST?  REPAS"  Time since stroke  Lesion Lesion location® and volume (cc) NIHSS!  MI®
(male/female) (weeks) hemis-phere

1 65 m 30 2 2 Left sc; putamen; 0.16 2 79

2 57 m 27 1 5 Left sc; pt; ic; 0.3 1 92

3 45 m 30 0 5 Right sc; pt; ic; 0.58 2 85

4 73 m 24 1 6 Left c; haemoragic; M1; S1; parieto-temporal; 57.48 5 85

5 52 f 23 0 4 Left sc; pt; 1.17 5 84

6 54 m 28 0 2.5 Left sc; ec; 0.34 1 77

7 73 m 27 2 6 Left sc; pt; 3.36 0 85

8 52 f 27 0 3 Right sc; ic; putamen; 10.99 1 84

9 74 m 27 0 4.5 Right sc; pt; ic; putamen; 14.38 4 77

10 33 m 30 0 9 Left sc; pt; ic; 0.87 3 77

11 57 m 27 2 3 Left sc; pt; ic; putamen; 6.1 2 85

12 66 m 27 0 7 Right sc; pt; ic; ec; putamen; 2.17 3 77

MMST: mini mental status test.
REPAS: resistance to passive movement scale, affected arm.

NIHSS: National Institutes of Health Stroke Scale.

a

b

¢ lesion location: sc: subcortical; c: cortical; ic: internal capsule; pt: pyramidal tract; ec: external capsule; M1: primary motor cortex; S1: primary sensorimotor cortex.
d

e

MI: Motricity Index.

was 250 x 250mm?2 corresponding to an acquisition matrix of
256 x 256. Repetition time was 1690 ms, echo time 2.52 ms, total
acquisition time 3:50 min. In both sequences GRAPPA with a PAT
factor of 2 was used.

The first two volumes of each session were discarded to allow
for equilibration effects. Each condition lasted 3 min, active and
resting blocks alternating every 20s. Thirty-four phase and mag-
nitude images were acquired in the same FOV by a gradient echo
sequence (flip angle 60°; FOV 192 x 192; slice thickness 3 mm; TR
488 ms; TE1 4.92 ms; TE2 7.38 ms) to calculate a fieldmap aiming
at correcting geometric distortions in the EPI images.

2.5. Motor tasks during fMRI

Active and passive task were trained outside the scanner to
ensure stable performance. Patients underwent two measure-
ments, one before (pre) and one after (post) three weeks of motor
training. Healthy controls only participated in one measurement
session.

Both tasks were performed in a blocked design, consisting of 5
blocks of rest alternating with 4 blocks of task performance provid-
ing 90 whole brain volumes. During all conditions task performance
and rest were indicated by “off” and “on” visual cues. These signals
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were presented via video projection controlled by the Presentation
software (Neurobehavioral Systems, Albany, NY, USA) and trig-
gered by the scanner. During scanning, participants lay supine and
wore hearing protection.

In the active task both patients and controls performed hand
grips with a rubber ball. This task was conducted for each hand
side separately. Frequency was paced at 1 Hz via a blinking cue. The
performance amplitude was monitored online by a pressure detec-
tor connected to an electro-optical biosignal recorder (Varioport-b,
Becker Meditec, Karlsruhe, Germany). The signals were recorded
and stored for further off-line analysis using PhysioMeter software.
The force was adjusted to 30% of the maximal force on this day by
coupling the monitor with the pressure device showing the cur-
rently exerted force as a moving bar. The participants were told to
adjust their force according to the 30% line.

To evaluate the accuracy level during the hand grip, we cal-
culated mean force and frequency and corresponding percentage
deviations from mean of the subject’s recorded fist clenches.

In the passive task, passive wrist flexion-extension were elicited
by a nonmagnetic torque motor at 1Hz to assess possible differ-
ences in representation maps without any voluntary movement
or effort contribution [39]. For this task we investigated only the
affected hand of patients, because we expected no changes over
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Fig. 1. Development of performance in the AAT for separate tasks (mean of patients, time in s); Tasks comprised aiming, finger tapping, crossing circles, turning coins,

labyrinth tracking, bolts and nuts, placing large objects and placing small objects.
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time for the unaffected hand. Healthy subjects were matched for
the same laterality to control for effects of hand sides.

2.6. Analyses of functional imaging

Preprocessing and statistical parametric mapping was per-
formed with SPM12 (Wellcome Department of Neuroscience,
London, UK) and Matlab version 8.5 (MathWorks Inc; Natick, MA).
Each time series was realigned and resliced after unwarping in
the phase encoding direction (anterior/posterior) to account for
movement and susceptibility artifacts and were high-pass filtered
(128s). To correct for the different acquisition times of signals, slice
time correction relative to the last slice was used. The T1 image was
segmented via the default segmentation in SPM12. The realigned
data were spatially normalized to the Montreal Neurological Insti-
tute (MNI) template by using the coregistered and segmented T1
image as a reference and resliced to 3 x 3 x 3 mm?3. The images for
the 4 patients with right-hemisphere lesion and the 4 matched
HC were flipped in the midsagittal plane before segmentation. All
images were smoothed with a Gaussian filter of 8 mm (full width at
half maximum). At the first level of analysis, a fixed-effect analysis
was performed to obtain contrast images for each condition (active
task affected hand, active task unaffected hand, passive task). In
patients, we calculated the subtractions of post minus pre and pre
minus post measurement to search for changes in activity levels.
These contrast images were entered into a second-level random-
effects analysis.

The main results of each condition were modeled separately and
calculated with significance thresholds for multiple comparison
correction in certain regions (p(FWE) < 0.05).

In both tasks, we restricted analyses to motor areas of both
hemispheres known to be involved [7,9,14,40,41]. This comprised
M1, primary somatosensory cortex (S1), supplementary motor area
(SMA), dPMC, vPMC and cerebellum.

Many of these regions were reported to play a role in compen-
satory networks [42] and were therefore included as regions of
interest (ROIs).

To evaluate differences between patients and healthy controls,
we compared the representation maps of active and passive tasks
for each time point to those of the control group. Comparisons
between groups were calculated in a 2-sample unpaired t-test and
were again restricted to the aforementioned areas. For the ROI
analysis within these areas, a threshold of p(FWE) < 0.05 was used.
ROIs were selected using cytoarchitectonic probability masks from
the HMAT atlas masks of FSL for M1, S1, SMA, dPMC and vPMC
and Automated Anatomical Labeling (AAL) for the cerebellar hemi-
sphere.

2.7. Lesion volumes

Lesion volumes were calculated by manually drawing the border
of the lesion in the high-spatial-resolution T1-weighted image for
eachslice and by calculating the resulting volume (cc) with MRIcron
(http://www.sph.sc.edu/comd/rorden/mricron).

3. Results
3.1. Motor performance

All patients showed improvements in the trained tasks. The
mean execution time for AAT tasks was reduced on average by
27.7%fromday 2 today 15(t(11)=17.61,p<0.001; see Fig. 1). Other
measurements of the affected hand also exhibited a significant
improvement over time. The average time needed to perform the
NHPT decreased by 25.2% and the deviation from the age reference
value decreased over time (t (11)=3.28, p<0.007). The number of

blocks moved in the BBT increased by 20.9% and again the devia-
tion from the age reference value decreased over time (t(11)=8.74,
p<0.001) (Fig. 2). The BBT score also showed an improvement for
the unaffected hand (t(11)=5.04, p<0.001).

3.2. Functional imaging results: patients at pre and post
measurement

In the active task with the unaffected hand, M1, SMA, dPMC,
vPMC, S1 and cerebellum in both hemispheres were activated
pre and post (Supplementary Table III). In the active task with
the affected hand at pre measurement M1, SMA, dPMC, S1 and
cerebellum were activated. In the representation map of the
post-measurement there was additional vPMC activation in both
hemispheres (Supplementary Table II).

For the passive task we detected activity in all aforementioned
regions in both hemispheres. In the post-measurement, fewer con-
tralesional regions were activated at group level (Supplementary
Table I).

3.3. Longitudinal fMRI changes including differences between
groups

The active task with the unaffected hand showed no increases
or decreases of fMRI-magnitude in ROIs over time. No differences
occurred between groups.

In the active task with the affected hand, the patients showed
a significant increase in activation in the ipsilesional vPMC
(Fig. 3; t=7.25, p(FWE) =0.0059, MNI-coordinates: —48, 3, 21). No
decrease of fMRI-magnitude in ROIs over time was observed.

Patients showed higher activation of vPMC in both hemispheres
in the post-measurement compared to that of healthy controls (left:
t=4.53, p(FWE) =0.017; MNI-coordinates (x,y,z): —39, —3, 18, and
right t=4.51, p(FWE) =0.018; MNI-coordinates: 51, 0, 6).

In the passive task there were no increases of activation over
time. The passive task rather showed a decrease of activation of
the M1il (t=5.43, p(FWE) =0.047, MNI-coordinates: —33, —12, 69).
Patients did not differ from healthy controls neither at pre nor post
measurement.

3.4. Association between fMRI changes and recovery

To evaluate the overall importance of the described deactiva-
tions and activations in all tasks, we correlated the subtracted
representation maps of each patient with the corresponding per-
cental change in AAT, NHPT and BBT. None of the deactivations or
activations over time was associated with the AAT, NHPT or BBT
change.

3.5. Accuracy during active fMRI task

Mean frequency and amplitude were stable over time. Yet
patients showed significant accuracy deficits during active tasks
in comparison to healthy controls (Fig. 4). Amplitude error
differed between patients’ pre measurement and healthy con-
trols (affected hand: t=2.27, p=0.033; unaffected hand: t=2.30,
p=0.039). Patients further showed a decrease of amplitude error
with the affected hand over time (affected hand: t=2.58, p=0.03;
unaffected hand: t=1.85, p=0.097). Frequency error in patients
remained significantly higher than in healthy controls over both
time points (Fig. 4).

3.6. Correlation between fMRI activation and accuracy gain

To evaluate the relevance of the activation increase in vPMC of
both hemispheres during patients’ post-measurement in the active


http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron
http://www.sph.sc.edu/comd/rorden/mricron

156 U. Horn et al. / Behavioural Brain Research 308 (2016) 152-159

A Development of time to perform NHPT B ) Development of BBT scores

80— 80—

75+ T —

70— 70-

65~ 65—

60~ 60~
554 ——— 1 §5+ ——————
o
@ _—
5 g™ 3’////’1
c
S45- '§ 45~ /
E] 2
§ao- / Sa0-

@ —_—

o35 2 35
e £ o
©30- -
E
25~ 25+

20~ ! 20-

5= 15-

10- 10-

5- I\ affected 5- I\ affected
5 @ non-affected o @ non-affected
T 1 T T
1 2 1
Measurements (pre and post) Measurements (pre and post)

Fig. 2. Performance scores before and after training for the affected and unaffected hand; (A) NHPT time and (B) BBT blocks.

* HC pre post

10

N s o @

=]

Fig. 3. (A) Main result of active hand grip task with the affected hand in healthy controls (HC) and patients (pre and post), uncorr. (p <0.001); (B) Change in activity over time
in vVPMC, post minus pre contrast of patient group, displayed on a segmented template (Collins Brain), uncorr. (p<0.001), x=—48,y=3,z=21, T=7.25, SVC: p(FWE)=0.0059.



U. Horn et al. / Behavioural Brain Research 308 (2016) 152-159 157

amplitude error

>

40

p=0.033

p=0.030

30

n.s.

|
T
L

10
|

deviation from mean in percent
20

o J
pre post HC
B frequency error
Q _
<
p=0.007
n.s. p=0.066

o _|
(S}

10

deviation from mean in percent
20
|

pre post HC

Fig. 4. Differences in accuracy of hand grip task with the affected hand between
patients (pre and post) and healthy controls (HC) in terms of (A) amplitude error
and (B) frequency error as the deviation from the mean in percent.

task with the affected hand we correlated the representation maps
of each patient with the corresponding accuracy levels. Neither the
amplitude nor the frequency error was associated with vPMC activ-
ity during post-measurement. We also correlated the subtraction
maps with these accuracy values. The amplitude error after train-
ing was negatively associated with an increase in contralesional
vPMC activity (t=8.41, p(FWE)=0.013, MNI-coordinates: 45, —3,
30, r=-0.69). This association could not be found in the unaffected
hand condition.

4. Discussion
4.1. Discussion of results

We here performed a longitudinal study with patients show-
ing mild to moderate motor impairment in the subacute stage
after stroke using precisely controlled performance during the
pre and post imaging conditions. In addition, we applied a max-
imal effective training concept for the impaired hand (AAT and
inward neurorehabilitation) over a three week period. Post ther-
apy patients showed improvements in the trained AAT tasks and
transferred effects to non-trained tasks (NHPT, BBT).

Investigating representation sites in patients with fMRI, the
most prominent change over time was an activation increase in
the ipsilesional vPMC when performing an active hand grip task
with the affected hand. This alteration was not apparent during
passive movement or during the execution of the same task with
the unaffected hand. Because the patients’ representational maps
showed differences compared to healthy controls in ipsilesional

and contralesional vPMC only after training, increased vPMC acti-
vation contradicted the hypothesis of a recovery pattern towards
normal representation maps, as described in previous studies [43].
This result points towards a need for recruitment of additional areas
in patients to attain comparable performance levels as shown in
[27].

As a consequence of the highly controlled design the effort to
perform the active task was comparable over sessions. The differ-
ences in accuracy showed that the patients became even better
executing the task with both hands respectively. Still the changes in
brain representation were limited to the movement of the affected
hand. This suggests an effect specific to the paretic limb rather than
a general learning effect.

The amplitude error was negatively correlated with a stronger
fMRI activation of vPMC. This might be associated with an increased
integration of the given visual feedback in the motor network and
a more controlled object manipulation. Visual feedback is known
to influence task performance [44] and increases brain activation
in many visuomotor regions [45]. An interaction between force
and feedback seemed to be represented in the contralateral rostral
premotor cortex and putamen [45]. We found evidence that this
premotor area changes over time in the patient group and is differ-
ently activated in patients than in controls. Higher activation in the
post-measurement in our study might represent a stronger inte-
gration of the visual feedback signal into the motor command. This
isin line with TMS studies showing that the vPMC is responsible for
predictive scaling of grip force levels [46] and that a key function of
vPMC is to process object properties relevant for grasping actions
[47]. The vPMC helps to unite multisensory inputs about the body
and objects manipulated via an egocentric reference frame [48].

We could not find any association of this activation increase to
the overall recovery or training results. This is in line with previous
investigations that did not find an association for the whole group
due to highly individual patterns of brain changes [7,13]. The lack
of associations between brain activations and motor function could
also be due to low power or a more complex involvement of the
considered regions in hand function [27].

To investigate the relevance of this activation it will be neces-
sary to describe the embedding of the vPMC in the motor network
of individual patients and assess the role of these connections in
terms of reorganization processes. Interestingly, in a previous fMRI-
feedback study the learned self-regulation of the vPMC improved
motor performance in chronic stroke patients [49] underlining the
role of this area on recovered motor function in the chronic stage
after stroke.

4.2. Limitations

Although several research groups found widespread brain
activation in early stages after stroke [8,13] we found no dif-
ferences between healthy controls and stroke patients for the
pre-measurement. As depicted in Fig. 3, this might be due to a
higher noise level in the patient group and a variable pattern of
differences between patients and controls.

We tried to compensate for the variability in age and lesions
with an age-matched control group and the inclusion of compa-
rably impaired patients regarding their hand function. For a better
understanding of the involved processes studies with more subjects
and more frequent measurements have to be performed.

It would be further interesting to distinguish between the effects
of conventional rehabilitation training and the additional AAT on
hand motor representation, but this aim is beyond the scope of this
study. From a study with healthy subjects training their left hand
with AAT it is known that there is an increase of fMRI activation
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in the putamen and pallidum in the described hand grip task after
training, but no increase in vPMC activity as reported here [35].

5. Summary

We found an increase in fMRI activation in vPMC after 3 weeks
of intensive hand motor training during active grip movements of
the affected hand, controlled precisely for performance. Although
the patients’ accuracy almost reached the level of healthy controls,
additional secondary motor regions were recruited to execute the
task. Therefore, the premotor cortex seems to play a role in recov-
ered hand motor function.

Disclosures
None.
Conflicts of interest
None.
Acknowledgement
This study was supported by the DFG Lo 795/7-1.
Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.bbr.2016.04.040.

References

[1] F. Chollet, V. DiPiero, RJ.S. Wise, D.J. Brooks, R.J. Dolan, R.S.J. Frackowiak, The
functional anatomy of motor recovery after stroke in humans: a study with
positron emission tomography, Ann. Neurol. 29 (1991) 63-71, http://dx.doi.
org/10.1002/ana.410290112.

[2] C.Wediller, F. Chollet, K. Friston, RJ.S. Wise, R.S.J. Frackowiak, Functional
reorganization of the brain in recovery from striatocapsular infarction in man,
Ann. Neurol. 31 (1992) 463-472, http://dx.doi.org/10.1002/ana.410310502.

[3] T.H. Murphy, D. Corbett, Plasticity during stroke recovery: from synapse to
behaviour, Nat. Rev. Neurosci. 10 (2009) 861-872, http://dx.doi.org/10.1038/
nrn2735.

[4] C.Stinear, S. Ackerley, W. Byblow, Rehabilitation is initiated early after stroke,
but most motor rehabilitation trials are not: a systematic review, Stroke 44
(2013) 2039-2045, http://dx.doi.org/10.1161/STROKEAHA.113.000968.

[5] T.H. Dai, J.Z. Liu, V. Sahgal, R.W. Brown, G.H. Yue, Relationship between
muscle output and functional MRI-measured brain activation, Exp. Brain Res.
140 (2001) 290-300, http://dx.doi.org/10.1007/s002210100815.

[6] S.C.Cramer, R.M. Weisskoff, ].D. Schaechter, G. Nelles, M. Foley, S.P.
Finklestein, B.R. Rosen, Motor cortex activation is related to force of squeezing,
Hum. Brain. Mapp. 16 (2002) 197-205, http://dx.doi.org/10.1002/hbm.10040.

[7] N.S. Ward, M.M. Brown, A.J. Thompson, R.S.J. Frackowiak, Neural correlates of

motor recovery after stroke: a longitudinal fMRI study, Brain 126 (2003)

2476-2496, http://dx.doi.org/10.1093/brain/awg245.

C. Calautti, F. Leroy, ].Y. Guincestre, R.M. Marié, ].C. Baron, Sequential

activation brain mapping after subcortical stroke: changes in hemispheric

balance and recovery, Neuroreport 12 (2001) 3883-3886, http://dx.doi.org/
10.1097/00001756-200112210-00005.

[9] AK. Rehme, S.B. Eickhoff, C. Rottschy, G.R. Fink, C. Grefkes, Activation
likelihood estimation meta-analysis of motor-related neural activity after
stroke, Neuroimage 59 (2012) 2771-2782, http://dx.doi.org/10.1016/j.
neuroimage.2011.10.023.

[10] C. Calautti, ].C. Baron, Functional neuroimaging studies of motor recovery
after stroke in adults: a review, Stroke 34 (2003) 1553-1566, http://dx.doi.
org/10.1161/01.STR.0000071761.36075.A6.

[11] G. Nelles, G. Spiekermann, M. Jueptner, G. Leonhardt, S. Miiller, H. Gerhard,
H.C. Diener, Reorganization of sensory and motor systems in hemiplegic
stroke patients. A positron emission tomography study, Stroke 30 (1999)
1510-1516, http://dx.doi.org/10.1161/01.STR.30.8.1510.

[12] R.S. Marshall, E. Zarahn, L. Alon, B. Minzer, R.M. Lazar, ]J.W. Krakauer, Early
imaging correlates of subsequent motor recovery after stroke, Ann. Neurol. 65
(2009) 596-602, http://dx.doi.org/10.1002/ana.21636.

[13] A. Feydy, R. Carlier, A. Roby-Brami, B. Bussel, F. Cazalis, L. Pierot, Y. Burnod,
M.A. Maier, Longitudinal study of motor recovery after stroke: recruitment
and focusing of brain activation, Stroke 33 (2002) 1610-1617, http://dx.doi.
org/10.1161/01.STR.0000017100.68294.52.

(8

[14] H. Foltys, T. Krings, .G. Meister, R. Sparing, B. Boroojerdi, A. Thron, R. Tépper,
Motor representation in patients rapidly recovering after stroke: a functional
magnetic resonance imaging and transcranial magnetic stimulation study,
Clin. Neurophysiol. 114 (2003) 2404-2415, http://dx.doi.org/10.1016/S1388-
2457(03)00263-3.

[15] C.M. Biitefisch, R. Kleiser, B. Kérber, K. Miiller, H.-J. Wittsack, V. Hdomberg, RJ.
Seitz, Recruitment of contralesional motor cortex in stroke patients with
recovery of hand function, Neurology 64 (2005) 1067-1069, http://dx.doi.org/
10.1212/01.WNL.0000154603.48446.36.

[16] D.G. Nair, S. Hutchinson, F. Fregni, M. Alexander, A. Pascual-Leone, G. Schlaug,
Imaging correlates of motor recovery from cerebral infarction and their
physiological significance in well-recovered patients, Neuroimage 34 (2007)
253-263, http://dx.doi.org/10.1016/j.neuroimage.2006.09.010.

[17] A.Riecker, K. Gréschel, H. Ackermann, S. Schnaudigel, J. Kassubek, A. Kastrup,
The role of the unaffected hemisphere in motor recovery after stroke, Hum.
Brain Mapp. 31 (2010) 1017-1029, http://dx.doi.org/10.1002/hbm.20914.

[18] S.Bestmann, O. Swayne, F. Blankenburg, C.C. Ruff, ]. Teo, N. Weiskopf, J.
Driver, ].C. Rothwell, N.S. Ward, The role of contralesional dorsal premotor
cortex after stroke as studied with concurrent TMS-fMR], J. Neurosci. 30
(2010) 11926-11937, http://dx.doi.org/10.1523/JNEUROSCL5642-09.2010.

[19] E.A. Fridman, T. Hanakawa, M. Chung, F. Hummel, R.C. Leiguarda, L.G. Cohen,
Reorganization of the human ipsilesional premotor cortex after stroke, Brain
127 (2004) 747-758, http://dx.doi.org/10.1093/brain/awh082.

[20] H.Johansen-Berg, M.F.S. Rushworth, M.D. Bogdanovic, U. Kischka, S.
Wimalaratna, P.M. Matthews, The role of ipsilateral premotor cortex in hand
movement after stroke, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 14518-14523,
http://dx.doi.org/10.1073/pnas.222536799.

[21] L Loubinoux, S. Dechaumont-Palacin, E. Castel-Lacanal, X. De Boissezon, P.
Marque, J. Pariente, J.F. Albucher, 1. Berry, F. Chollet, Prognostic value of FMRI
in recovery of hand function in subcortical stroke patients, Cereb. Cortex 17
(2007) 2980-2987, http://dx.doi.org/10.1093/cercor/bhm023.

[22] C. Grefkes, D.A. Nowak, S.B. Eickhoff, M. Dafotakis, ]. Kiist, H. Karbe, G.R. Fink,
Cortical connectivity after subcortical stroke assessed with functional
magnetic resonance imaging, Ann. Neurol. 63 (2008) 236-246, http://dx.doi.
org/10.1002/ana.21228.

[23] AK. Rehme, S.B. Eickhoff, L.E. Wang, G.R. Fink, C. Grefkes, Dynamic causal
modeling of cortical activity from the acute to the chronic stage after stroke,
Neuroimage 55 (2011) 1147-1158, http://dx.doi.org/10.1016/j.neuroimage.
2011.01.014.

[24] CS.Inman, G.A. James, S. Hamann, ].K. Rajendra, G. Pagnoni, AJ. Butler,
Altered resting-state effective connectivity of fronto-parietal motor control
systems on the primary motor network following stroke, Neuroimage 59
(2012) 227-237, http://dx.doi.org/10.1016/j.neuroimage.2011.07.083.

[25] S.Bajaj, AJ. Butler, D. Drake, M. Dhamala, Functional organization and
restoration of the brain motor-execution network after stroke and
rehabilitation, Front. Hum. Neurosci. 9 (2015) 1-14, http://dx.doi.org/10.
3389/fnhum.2015.00173.

[26] C. Gerloff, K. Bushara, A. Sailer, E.M. Wassermann, R. Chen, T. Matsuoka, D.
Waldvogel, G.F. Wittenberg, K. Ishii, L.G. Cohen, M. Hallett, Multimodal
imaging of brain reorganization in motor areas of the contralesional
hemisphere of well recovered patients after capsular stroke, Brain 129 (2006)
791-808, http://dx.doi.org/10.1093/brain/awh713.

[27] M. Lotze, ]J. Markert, P. Sauseng, J. Hoppe, C. Plewnia, C. Gerloff, The role of
multiple contralesional motor areas for complex hand movements after
internal capsular lesion, J. Neurosci. 26 (2006) 6096-6102, http://dx.doi.org/
10.1523/JNEUROSCI.4564-05.2006.

[28] T. Platz, T. Winter, N. Miiller, C. Pinkowski, C. Eickhof, K.H. Mauritz, Arm
ability training for stroke and traumatic brain injury patients with mild arm
paresis: a single-blind, randomized, controlled trial, Arch. Phys. Med. Rehabil.
82 (2001) 961-968, http://dx.doi.org/10.1053/apmr.2001.23982.

[29] T. Platz, S. Van Kaick, J. Mehrholz, O. Leidner, C. Eickhof, M. Pohl, Best
conventional therapy versus modular impairment-oriented training for arm
paresis after stroke: a single-blind, multicenter randomized controlled trial,
Neurorehabil. Neural Repair 23 (2009) 706-716, http://dx.doi.org/10.1177/
1545968309335974.

[30] Medical Research Council, Aids to Examination of the Peripheral Nervous
System, HMSO, London, 1976.

[31] R.C. Oldfield, The assessment and analysis of handedness: the Edinburgh
inventory, Neuropsychologia 9 (1971) 97-113, http://dx.doi.org/10.1016/
0028-3932(71)90067-4.

[32] C. Collin, D. Wade, Assessing motor impairment after stroke: a pilot reliability
study, J. Neurol. Neurosurg. Psychiatry 53 (1990) 576-579, http://dx.doi.org/
10.1136/jnnp.53.7.576.

[33] T. Platz, P. Vuadens, C. Eickhof, P. Arnold, S. Van Kaick, K. Heise, REPAS, a
summary rating scale for resistance to passive movement: item selection,
reliability and validity, Disabil. Rehabil. 30 (2008) 44-53, http://dx.doi.org/10.
1080/09638280701191743.

[34] K. Berger, B. Weltermann, P. Kolominsky-Rabas, S. Meves, P. Heuschmann, J.
Bohner, B. Neundérfer, HW. Hense, T. Biittner, The reliability of stroke
scales—the german version of NIHSS, ESS and rankin scales, Fortschr. Neurol.
Psychiatr. 67 (1999) 81-86.

[35] A.D. Walz, K. Doppl, E. Kaza, S. Roschka, T. Platz, M. Lotze, Changes in cortical,
cerebellar and basal ganglia representation after comprehensive long term
unilateral hand motor training, Behav. Brain Res. 278 (2015) 393-403, http://
dx.doi.org/10.1016/j.bbr.2014.08.044.


http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
http://dx.doi.org/10.1016/j.bbr.2016.04.040
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410290112
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1002/ana.410310502
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1038/nrn2735
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1161/STROKEAHA.113.000968
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1007/s002210100815
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1002/hbm.10040
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1093/brain/awg245
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1097/00001756-200112210-00005
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1016/j.neuroimage.2011.10.023
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.0000071761.36075.A6
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1161/01.STR.30.8.1510
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1002/ana.21636
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1161/01.STR.0000017100.68294.52
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1016/S1388-2457(03)00263-3
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1212/01.WNL.0000154603.48446.36
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1016/j.neuroimage.2006.09.010
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1002/hbm.20914
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1523/JNEUROSCI.5642-09.2010
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1093/brain/awh082
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1073/pnas.222536799
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1093/cercor/bhm023
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1002/ana.21228
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.01.014
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.1016/j.neuroimage.2011.07.083
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.3389/fnhum.2015.00173
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1093/brain/awh713
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1523/JNEUROSCI.4564-05.2006
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1053/apmr.2001.23982
dx.doi.org/10.1177/1545968309335974
dx.doi.org/10.1177/1545968309335974
dx.doi.org/10.1177/1545968309335974
dx.doi.org/10.1177/1545968309335974
dx.doi.org/10.1177/1545968309335974
dx.doi.org/10.1177/1545968309335974
dx.doi.org/10.1177/1545968309335974
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0150
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1016/0028-3932(71)90067-4
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1136/jnnp.53.7.576
dx.doi.org/10.1080/09638280701191743
dx.doi.org/10.1080/09638280701191743
dx.doi.org/10.1080/09638280701191743
dx.doi.org/10.1080/09638280701191743
dx.doi.org/10.1080/09638280701191743
dx.doi.org/10.1080/09638280701191743
dx.doi.org/10.1080/09638280701191743
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0170
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044
dx.doi.org/10.1016/j.bbr.2014.08.044

U. Horn et al. / Behavioural Brain Research 308 (2016) 152-159 159

[36] A.M. Ladda, ].P. Pfannmoeller, T. Kalisch, S. Roschka, T. Platz, H.R. Dinse, M.
Lotze, Effects of combining 2 weeks of passive sensory stimulation with active
hand motor training in healthy adults, PLoS One 9 (2014) e84402, http://dx.
doi.org/10.1371/journal.pone.0084402.

[37] V. Mathiowetz, K. Weber, N. Kashman, G. Volland, Adult norms for the Nine
Hole Peg Test of finger dexterity, Occup. Ther. ]. Res. 5 (1985) 24-38, http://
dx.doi.org/10.1177/153944928500500102.

[38] V. Mathiowetz, K. Weber, Adult norms for the box and block test of manual
dexterity, Am. J. Occup. Ther. 39 (1985) 386-391.

[39] M. Lotze, C. Braun, N. Birbaumer, S. Anders, L.G. Cohen, Motor learning elicited
by voluntary drive, Brain 126 (2003) 866-872, http://dx.doi.org/10.1093/
brain/awg079.

[40] I. Loubinoux, C. Carel, ]. Pariente, S. Dechaumont, J.F. Albucher, P. Marque, C.
Manelfe, F. Chollet, Correlation between cerebral reorganization and motor
recovery after subcortical infarcts, Neuroimage 20 (2003) 2166-2180, http://
dx.doi.org/10.1016/j.neuroimage.2003.08.017.

[41] F. Alary, B. Doyon, I. Loubinoux, C. Carel, K. Boulanouar, J.P. Ranjeva, P. Celsis,
F. Chollet, Event-related potentials elicited by passive movements in humans:
characterization, source analysis, and comparison to fMRI, Neuroimage 8
(1998) 377-390, http://dx.doi.org/10.1006/nimg.1998.0377.

[42] S. Dechaumont-Palacin, P. Marque, X. De Boissezon, E. Castel-Lacanal, C. Carel,
1. Berry, J. Pastor, ].F. Albucher, F. Chollet, I. Loubinoux, Neural correlates of
proprioceptive integration in the contralesional hemisphere of very impaired
patients shortly after a subcortical stroke: an FMRI study, Neurorehabil.
Neural Repair 22 (2008) 154-165, http://dx.doi.org/10.1177/
1545968307307118.

[43] N.S. Ward, M.M. Brown, A J. Thompson, R.SJ. Frackowiak, Neural correlates of
outcome after stroke: a cross-sectional fMRI study, Brain 126 (2003)
1430-1448, http://dx.doi.org/10.1093/brain/awg145.

[44] A. Sterr, S. Shen, C. Kranczioch, A.J. Szameitat, W. Hou, B. Sorger, fMRI effects
of task demand and feedback accuracy on grip force tracking, Neurosci. Lett.
457 (2009) 61-65, http://dx.doi.org/10.1016/j.neulet.2009.04.013.

[45] J.W. Noble, ] J. Eng, L.A. Boyd, Effect of visual feedback on brain activation
during motor tasks: an FMRI study, Motor Control. 17 (2013) 298-312.

[46] M. Dafotakis, R. Sparing, S.B. Eickhoff, G.R. Fink, D.A. Nowak, On the role of the
ventral premotor cortex and anterior intraparietal area for predictive and
reactive scaling of grip force, Brain Res. 1228 (2008) 73-80, http://dx.doi.org/
10.1016/j.brainres.2008.06.027.

[47] M. Davare, K. Montague, E. Olivier, J.C. Rothwell, R.N. Lemon, Ventral premotor
to primary motor cortical interactions during object-driven grasp in humans,
Cortex 45 (2009) 1050-1057, http://dx.doi.org/10.1016/j.cortex.2009.02.011.

[48] M. Rijntjes, C. Dettmers, C. Biichel, S. Kiebel, R.S.]. Frackowiak, C. Weiller, A
blueprint for movement: functional and anatomical representations in the
human motor system, J. Neurosci. 19 (1999) 8043-8048.

[49] R. Sitaram, R. Veit, B. Stevens, A. Caria, C. Gerloff, N. Birbaumer, F. Hummel,
Acquired control of ventral premotor cortex activity by feedback training: an
exploratory real-time FMRI and TMS study, Neurorehabil. Neural Repair 26
(2012) 256-265, http://dx.doi.org/10.1177/1545968311418345.


dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1371/journal.pone.0084402
dx.doi.org/10.1177/153944928500500102
dx.doi.org/10.1177/153944928500500102
dx.doi.org/10.1177/153944928500500102
dx.doi.org/10.1177/153944928500500102
dx.doi.org/10.1177/153944928500500102
dx.doi.org/10.1177/153944928500500102
dx.doi.org/10.1177/153944928500500102
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0190
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1093/brain/awg079
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1016/j.neuroimage.2003.08.017
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1006/nimg.1998.0377
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1177/1545968307307118
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1093/brain/awg145
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
dx.doi.org/10.1016/j.neulet.2009.04.013
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0225
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.brainres.2008.06.027
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
dx.doi.org/10.1016/j.cortex.2009.02.011
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
http://refhub.elsevier.com/S0166-4328(16)30243-1/sbref0240
dx.doi.org/10.1177/1545968311418345
dx.doi.org/10.1177/1545968311418345
dx.doi.org/10.1177/1545968311418345
dx.doi.org/10.1177/1545968311418345
dx.doi.org/10.1177/1545968311418345
dx.doi.org/10.1177/1545968311418345
dx.doi.org/10.1177/1545968311418345

	Increased ventral premotor cortex recruitment after arm training in an fMRI study with subacute stroke patients
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Motor training
	2.3 Motor assessment
	2.4 MRI data acquisition
	2.5 Motor tasks during fMRI
	2.6 Analyses of functional imaging
	2.7 Lesion volumes

	3 Results
	3.1 Motor performance
	3.2 Functional imaging results: patients at pre and post measurement
	3.3 Longitudinal fMRI changes including differences between groups
	3.4 Association between fMRI changes and recovery
	3.5 Accuracy during active fMRI task
	3.6 Correlation between fMRI activation and accuracy gain

	4 Discussion
	4.1 Discussion of results
	4.2 Limitations

	5 Summary
	Disclosures
	Conflicts of interest
	Acknowledgement
	Appendix A Supplementary data
	References


