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Abstract Recently, it was shown that patients have differ-
ent functional activation patterns within affected primary
sensorimotor cortex (SMC) after intensive rehabilitation
therapy. This individual difference was supposed to depend
on the integrity of the cortico-spinal fibres from the primary
motor cortex. In this study, we considered whether patients
with different fMRI activation patterns after intensive reha-
bilitation therapy suffered from different cortico-spinal fibre
lesions. To comprehend this circumstance a lesion subtrac-
tion analysis was used. To verify these results with the use
of transcranial magnetic stimulation motor evoked poten-
tials was also derived. Patients were treated after a modified
version of constraint-induced movement therapy (mod-
CIMT; 3 h daily for 4 weeks). Increased and decreased
SMC activation showed similar individual patterns as
described previously. These activation differences depend
on the integrity of the cortico-spinal tract, which was mea-
sured via lesion subtraction analysis between patient groups,
and was supported by affected motor evoked potentials.
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MAL-AoU  Motor activity log with amount of use

MAL-QoM  Motor activity log with quality of movement
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movement therapy

SMC Primary sensorimotor cortex

TMS Transcranial magnetic stimulation

WMFT-FA  Wolf motor function test with functional
ability
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Introduction

Functional imaging methods have been used to understand
reorganisation patterns after rehabilitation therapies, e.g.,
constraint-induced movement therapy (CIMT). Although
identical treatment protocols were used, activation patterns
in different patients varied in different imaging studies
(Schaechter et al. 2002; Johansen-Berg et al. 2002; Witten-
berg et al. 2003; Szaflarski et al. 2006; Hamzei et al. 2006;
for review see Mark et al. 2006). Until now, a clear concept
behind the previously described reorganization patterns due
to intensive rehabilitation therapy (CIMT; 6 h daily training
for 2 weeks) has been lacking. These divergent findings
suggest large interindividual variability or reflect different
reorganization mechanisms in different patients. Therefore,
the focus on single subjects is important to define interindi-
vidual variability. This was done in a previous investiga-
tion. Single subject analysis revealed two different
activation patterns within the ipsilesional primary sensori-
motor cortex (SMC) after CIMT. This difference was pre-
sumed to depend on the integrity of the cortico-spinal fibres
from the primary motor cortex (Hamzei et al. 2006).
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In this study, we investigated whether patients with
different SMC activation changes (increase and decrease)
after intensive hand motor training within affected hemi-
spheres have different cortico-spinal fibre deficits. Chronic
stroke patients were investigated with no further sponta-
neous motor improvement. Since patients’ hand functions
improved after modCIMT (a modified version of CIMT
with 3 h daily training for 4 weeks). Dettmers et al. (2005)
expected an increased and decreased “blood oxygenation
level dependent” (BOLD) signal activity within affected
SMC and presume that these two activation changes
depend on the integrity of the cortico-spinal fibres. We per-
formed a lesion subtraction analysis depending on the
group affinity (patients with increased were compared with
those with decreased SMC activation). Furthermore, we
investigated motor evoked potentials to verify the results of
our lesion subtraction analysis.

Methods
Patients

From 16 patients who were screened (their data are not
presented), eight right-handed patients (three females and
five males; mean age 57.5 years; range 38-69 years) were
included in this study. They were at least two years post-stroke
(see Table 1). All patients suffered from an ischemic lesion.
Inclusion criteria consisted of at least active 20° exten-
sion of the affected wrist and 10° extension of each finger;
onset of stroke more than one year before starting mod-
CIMT; ability to walk without balance problems while
wearing a constraint device. Exclusion criteria were hemo-
dynamically relevant intra- or extracranial artery stenosis in
Doppler ultrasound, which may alter the BOLD response

Table 1 Patient data: age and gender (“M” for male and “F” for
female); interval between stroke and begin of modCIMT in years;
localization of stroke (ischemic lesion cortical and/or within internal
capsule); motor evoked potentials of the affected hand (MEP) and cen-
tral motor conduction times (CMCT) in milliseconds

Pat  Age Interval  Localization of stroke =~ MEP  CMCT

#1 59F Internal capsule, right  27.3 11.5

#2 60M 3 Internal capsule, left 29.9 12.85

#3 60F 2 Internal capsule, 28.2 11.35
cortical, left

#4 61 M 6 Internal capsule, 29.7 12.7
cortical, right

#5 61 F 2 Cortical, right 352 17.65

#6 6OM 2 Cortical, left 36.2 18.15

#7 38M 2 Internal capsule, left 36.9 18.55

#8 52 M 4 Internal capsule, left 37.0 18.35
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(Hamzei et al. 2003a); cognitive impairments or aphasia
that could compromise the questionnaire’s comprehension,
attention deficits, serious uncontrolled medical problems,
pace makers, and spasticity (Ashworth scale = 0).

We were interested in the course of motor function tests
and fMRI activation changes within the affected SMC (post-
therapy vs. pre-therapy, and vice versa comparisons that
reveal increase, decrease, or no activation changes). To eluci-
date SMC activation behaviour after therapy (increase,
decrease or no activation changes) a lesion subtraction anal-
ysis was performed using structural MRI. Therefore, lesions
of patients groups were superimposed and then compared.
Motor evoked potentials (MEP) were performed using trans-
cranial magnetic stimulation (TMS) to assess pyramidal tract
integrity. These tests will be described in the following.

Clinical assessments

A physical examination was performed to determine patient
eligibility for the experiment 4 weeks prior to the study. If
subjects were considered for the therapy, they received an
explanation of project procedures and signed informed con-
sent was obtained. Motor function tests were applied that
have been previously used in clinical CIMT studies (Taub
et al. 1993; Wolf et al. 1989, 2006; Miltner et al. 1999; Dett-
mers et al. 2005; Rijntjes et al. 2005). Before and after mod-
CIMT, a Motor Activity Log (MAL) interview was carried
out to determine the Amount of Use (MAL-AoU) and Qual-
ity of Movement (MAL-QoM) of the affected arm as rated
by the patient (Taub et al. 1993). The physiotherapist per-
formed the Wolf Motor Function Test (WMFT; Wolf et al.
1989; Taub et al. 1993) with Functional Ability (WMFT-
FA), and number of seconds needed for these tests (WMFT-
sec), as measured with a stop-watch. For the WMFT-sec the
time for the subtests was measured and the average of
the number of seconds for all subtests was calculated. For the
WMFT-FA, video sequences were recorded and presented
for evaluation to a second physiotherapist, who was blinded
to the time point of recording, as described previously (Dett-
mers et al. 2005; Rijntjes et al. 2005). The average of all
evaluated subtests of WMFT-FA was measured. In order to
test clinical efficacy we compared MAL-QoM, MAL-AoU
and WMFT (WMFT-FA, WMFT-sec) using a nonparamet-
ric Wilcoxon test before (“pre-therapy”) and after (“post-
therapy”’) modCIMT. Threshold was set at P < 0.05. “Effect
sizes” were measured by using the “Cohen’s” d’ (small
effect with d' =0.14, medium d' = 0.36, large d' = 0.57,
Cohen 1988, see also Taub et al. 2006a).

Intervention

Patients received intensive daily motor activity training
for 3 h a day under physiotherapeutic supervision for 20
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consecutive weekdays. To force patients to use the affected
hand, the non-affected hand was placed in a splint during
the training period and outside the training session (for 90%
of waking hours). Treatment was focussed on housekeeping
activities (e.g., eating, opening and closing jars and spring-
loaded clothespins).

Functional MRI

The following conditions were investigated the day before
starting CIMT (“pre-therapy”) and the day after CIMT
(“post-therapy”): rest scans with eyes closed served as a
low-level baseline condition (REST). Two active condi-
tions included right and left passive wrist joint move-
ments. Passive hand movements have been found to
induce almost identical patterns of activation compared to
active movements in healthy subjects and stroke patients
(Weiller etal. 1996; Lee et al. 1998; Loubinoux et al.
2001; Tombari et al. 2004). Its activation pattern is reli-
able over a time period of several weeks to months (Tom-
bari et al. 2004; Nelles et al. 2001; Loubinoux et al. 2003;
Ward et al. 2006). We chose passive instead of active
hand movements, because its performance is identical
during follow-up and it is independent of individual per-
formance and clinical improvement. All conditions were
presented in a pseudo-randomised order. There were four
epochs/cycles, each containing the experimental condi-
tions alternating with rest conditions with no gap between
epochs (right hand, Rest, left hand, Rest, left hand,
Rest....). Each condition lasted 31 s. Right and left hands
were manually moved with an examiner within the scan-
ner room. Dorsal extensions and plantar flexions of the
wrist (0-50°) were performed three times (with acoustical
signals) for 3.1 s, 30 times within each cycle. The signal
for a hand movement was given by an acoustical noise via
headphone to the examiner who moved the hand. This
acoustical task was controlled by a PC running “Presenta-
tion” software (Neurobehavioral System, http://www.
neurobehavioralsystems.com). The amplitude of the pas-
sive hand movement was limited by the physiological
dorsal extension of the hand (50°) in the absence of spas-
ticity (Ashworth scale = 0; for further detail see (Hamzei
et al. 2006). The forearm was fixated and only a dorsal
extension of the hand was performed. Before scanning,
subjects underwent passive hand movements in the MR
environment in order to learn to avoid active movements
of the hand and movement artefacts of the head. Surface
EMG electrodes were positioned on the dorsal interosseus
muscle I and on the extensor digitorum communis muscle
and the contraction of arm or hand muscles activated an
acoustic signal. MRI acquisition was performed when
patients were able to relax their arm and hand during the
introduction time.

Data acquisition

T2*-weighted functional magnetic resonance images were
acquired on a 1.5 Tesla Magnetom VISION whole-body
MRI system (Siemens, Erlangen, Germany) equipped with
a standard head coil. Contiguous multi-slice echo planar
images (TE 60 ms) were obtained in axial orientation. 30
slices (3 mm thickness) were acquired every 3.1 s. Voxel
size was 3.28 x 3.28 mm (64 x 64 pixel) and the field of
view was 210 x 210 mm. A total of 160 image volumes
were acquired over a time period of approximately 9 min.

Data processing and statistics

Data were processed with SPMS5 to assess BOLD signal
intensity. All volumes were realigned to the first volume
(Friston et al. 1995a). Residual motion effects were elimi-
nated by a regression of the time course of each voxel on a
periodic function of estimated movement parameters. A
mean image was created using realigned volumes. An indi-
vidual 3-D T1-weighted MRI (1 x 1 x 1 mm voxel size)
was coregistered to this mean image. This ensured that
functional and structural images were spatially aligned. The
functional images and the structural T1-volumes were spa-
tially normalised (Friston et al. 1995b) to templates in a
space defined by a template from the Montreal Neurologi-
cal Institute (Evans et al. 1994), using 12 affine parameters
and a set of non-linear basis functions. Since normalization
in patients with large lesions might lead to incorrect nor-
malization, we made a mask of the lesion and included it in
this procedure. Functional data were smoothed using a
9 mm full-width at half maximum (FWHM) filter in
individual subject analyses to compensate for residual vari-
ability after spatial normalisation. This also facilitated the
application of Gaussian random field theory to provide for
corrected statistical inference (Friston et al. 1995a). Data
analysis was performed by modelling the different condi-
tions as reference waveforms (i.e., box-car functions con-
volved with a hemodynamic response function) in the
context of the general linear model (Friston et al. 1995b,
1997). A high-pass filter was applied to the data to mini-
mise the effects of aliased physiological noise. We tested
for significant effects using voxelwise ¢ statistics assembled
into a statistical parametric map. The images of patients
with right-sided infarcts were flipped about the mid-sagittal
line, such that all subjects were considered to have left-
sided infarcts.

To investigate activation changes over time (increase,
decreased or no activation changes) the BOLD signal inten-
sity during passive hand movement of each investigation
day was calculated as a session mean and compared against
each other (“pre-therapy vs. post-therapy” and “post-ther-
apy vs. pre-therapy”) in individual subjects.
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We were particularly interested in activation changes in
the affected SMC. This region and other motor areas were
identified as follows: primary motor cortex as the cortex
lying immediately anterior to the central sulcus and primary
somatosensory cortex as the cortex lying immediately pos-
terior to the central sulcus and anterior to the postcentral
sulcus (Fink et al. 1997; Hamzei et al. 2003b).

To test whether BOLD signal changes between both
investigation days are contingent on changes on the REST
condition, we also compared the REST condition between
both investigation days.

The threshold for group analysis (motor tests and fMRI)
was set at P < 0.05, corrected for multiple comparisons. In
the case of SMC, we had a regional specific hypothesis
(Hamzei et al. 2006); therefore, correction for multiple
comparisons in the single subject analysis for the categori-
cal comparisons between investigations days (“pre-therapy
vs. post-therapy” and vice versa) was based on the volume
of interest (within a sphere of 9 mm). In all single subject
analysis cases, the threshold was set at P < 0.05 (corrected
for multiple comparisons).

Transcranial magnetic stimulation (TMS)

The integrity of the pyramidal tract from primary motor cor-
tex was investigated with TMS. TMS was performed with a
circular coil (Dantec, Germany) to quantify central motor
conduction times (CMCT) and maximum motor evoked
potential (MEP) amplitudes in all subjects. Electrical stimu-
lation of the median nerve was applied to measure M
response latencies, F wave latencies and M response ampli-
tudes. Recordings were obtained with surface electrodes
from the abductor pollicis brevis muscle on both sides. The
hotspot of the abductor pollicis brevis muscle was stimu-
lated. CMCT was calculated by: total latency — (M-
response latency + F-wave latency — 1)/2. The maximal
MEP amplitude was expressed as the percentage of the
maximal M response amplitude. Before TM stimulation
patients were asked for maximal innervations of the APB
muscle. Thereafter, they innervated their APB muscle for
10% of the maximal innervations (tonic pre-innervation).
TMS was performed with a stimulator intensity 25% above
the individual motor threshold during tonic pre-innervation
of the target muscle. Recordings were stored on a Viking IV
(Nicolet, Kleinostheim, Germany) and analysed off-line.
According to normal values from our laboratory the upper
normal limit of CMCT was 8.5 ms. This procedure has been
described elsewhere (Hamzei et al. 2006).

Lesion subtraction analysis

Previously, lesion localisation has been thought to be
responsible for different BOLD signal activation courses
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after CIMT (Hamzei et al. 2006). Therefore, to acknowl-
edge to SMC activation changes (increase, decrease or no
activation changes) patient data were collected as a group.
First the lesions of one group are added together, creating
an overlap image showing the regions of common involve-
ment. Finally, lesions from another group are subtracted,
creating an image that shows regions that are damaged in
one group more than in the other group. All lesions were
mapped using free MRIcro (http://www.mricro.com) soft-
ware distribution (Rorden and Brett 2000). The procedure
of the lesion subtraction analysis has been described previ-
ously (Karnath et al. 2004).

Results
Clinical assessments

Amount of daily use (MAL-AoU; P <0.017), Quality of
movement (MAL-QoM; P < 0.025) and Wolf Motor Func-
tion Test with Functional Ability (WMFT-FA; P <0.012)
and number of seconds needed for these tests (WMFT-sec;
P <0.012) improved significantly after modCIMT. The
“Effect sizes” were large in all tests (MAL-AoU with
Cohen’s d’' =1.54; MAL-QoM with d’' =1.1; WMFT-FA
d' =1.18 and WMFT-sec d’' = 0.61).

Functional MRI

No patient was excluded because of active hand movements
during the session time or head movement artefacts (the esti-
mated head movement did not exceed 2 mm). In a group
analysis, the BOLD signal intensity within the affected SMC
did not differ between both investigation days (P < 0.8).

Two groups of patients were identified in a single subject
analysis (Fig. 1): subjects with a decreased BOLD signal (or
focusing) within the affected SMC (patients 1, 2, 3, and 4;
paired-z test: P < 0.034; Group,..) and patients (numbers 5,
6, 7 and 8) with activation increase (or recruitment; Group;,.)
after therapy (P < 0.013; Fig. 1). The number of voxels was
also reduced corresponding to activation changes (in case of
decreased BOLD signal) and increased (in patients with
increasing SMC activation) within ipsilesional SMC after
modCIMT. There were no differences of REST conditions
between both investigation days within the motor network.

Lesion subtraction analysis and fMRI

To acknowledge activation changes, lesion localisations of
patients within each group (Groupy, and Group;,.) were
superimposed, creating an overlap image showing the
regions of common involvement. A lesion subtraction ana-
lysis between these two groups showed a greater lesion in
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[ patients with decreased BOLD signal

pre-therapy versus post-therapy

Fig. 1 FMRI activation of patients is superimposed on individual T1-
weighted MRI. Patients 1, 2, 3 and 4 showed a decreased (focusing)
BOLD signal after therapy. This was demonstrated by the categorical
comparison between pre-therapy vs. post-therapy time. For patients 3
and 4 activation of each investigation day was superimposed on each
other (red for activation before starting therapy, green for activation af-
ter therapy and yellow for common area of activation). Patients 5, 6, 7
and 8 showed an increased (recruitment) BOLD signal after motor
practice. Post-therapy vs. pre-therapy showed activation within affect-
ed SMC (arrow marks the central sulcus in the affected hemisphere).
Activation of all investigation days was overlaid on each other for
patients 7 and 8 (red for activation before, green for activation after
therapy, yellow for common activation)

the affected SMC and internal capsule in Group;,.. Within
the internal capsule there was an area more often affected in
this group of patients amongst others regions, which is
known to contain fibres from the primary motor cortex
(Fries et al. 1993; Morecraft et al. 2002) (see Fig. 2).

Lesion of patients with
decreased BOLD signal
are superimposed

increased BOLD signal
are superimposed

| Lesion of patients with |

pronounced lesion

in the aff d SMC and i

| patients with increased BOLD signal showed

Fig. 2 Individual lesions of patients with increased SMC activation
(Group;,.) and those with activation decrease (Groupg,.) are superim-
posed (view of few transversal slices). The lesion subtraction analysis
between these two groups demonstrated larger lesions in the affected
primary motor cortex and internal capsule in Group;,

TMS

MEP and CMCT of Group;,, showed extensively delayed
MEP and CMCT in comparison to Group,,, with delayed
MEP and CMCT to a lesser extent (see Table 1). The two-
sample-t test between Group,,. and Group;,. showed a sig-
nificant difference of MEPs (P <0.0003) and CMCT
(P < 0.0008).

In previous TMS studies, a predictive value of intact
MEP has been shown in stroke patients (e.g. Pereon et al.
1995; Wohrle etal. 2004; Escudero et al. 1998; Stinear
etal. 2007). Therefore, we tested in a post hoc analysis
whether Group;,, and Groupg, (with different MEPs)
showed any differences in motor performance first at the
time point before starting modCIMT and then in compari-
son between pre-therapy vs. post-therapy tests. Clinical
assessments at the time point “pre-therapy” were compared
between these groups to analyse whether there were any
clinical differences at inception. Then, the outcome scores
(comparison between pre-therapy and post-therapy tests)
were also compared to analyse whether the outcomes
differed between these two groups. These two post hoc
analyses showed statistical differences neither in initial
clinical assessments at inception nor in outcome scores.

Discussion

The major finding of this study was that activation changes
within the SMC of the lesioned hemisphere in individual
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subject depend on the integrity of the cortico-spinal tract.
Patients (Group;,.) with BOLD signal increases (or
“recruitment”) showed more pronounced pyramidal tract
lesions in comparison to Group,, with BOLD signal
activity decreases (or “focusing”).

SMC activation changes after modCIMT are very
similar those observed after classical CIMT (Hamzei
et al. 2006). This might suggest that the cortical reorga-
nization strategy is rather independent of daily training
time, when the total amount of training duration is simi-
lar (modCIMT with reduced daily training was extent
across a longer time period). This conclusion does not
rule out the possibility that there might be activation
differences in direct comparisons between modCIMT
and CIMT (in analogue to functional difference; Sterr
et al. 2002). Probably, there is a critical threshold of
training duration (less than 3 h or more than 6 h) which
affects SMC activation and functional improvement in a
different manner as presented here and elsewhere (Sterr
et al. 2002; Dettmers et al. 2005; Rijntjes et al. 2005;
Hamzei et al. 20006).

We suggest that the integrity of pyramidal tract is the
strongest predictor for recruitment or focusing of activation
within affected SMC. This observation confirmed the
hypothesis of Ward and colleagues that the integrity of
the pyramidal tract influences activation patterns within the
ipsilesional SMC (Ward et al. 2006). Ward’s study referred
to subacute stroke patients and the present data are only
partially comparable, because our patients are in a chronic
stable phase. But comparable findings support the idea of a
“reorganization-model”, that the integrity of the pyramidal
tract determines activation patterns within ipsilesional
SMC (Fig. 3).

In this context a further aspect should be considered:
until now, it was generally suggested that reorganization
patterns depend on whether fibres (“subcortical”’) or neu-
rons (“cortical”’) are damaged after a stroke. For example,
most studies with lesions within internal capsules were
generally collected as “‘subcortical infarct”, irrespective
whether pyramidal tracts from the premotor cortex (lateral
and medial) or primary motor cortex were affected. Fries
et al. (1993) and Morecraft et al. (2002) in humans and in
non-human primates showed that fibres from the primary
motor cortex pass through the middle third of the posterior
limb of the internal capsule. As described above, we
believe that the integrity of the pyramidal tract from the pri-
mary motor cortex (irrespective of whether fibres or cortex
are damaged) influences reorganization patterns within the
ipsilesional SMC. This aspect was also previously demon-
strated with the use of diffusion-weighted imaging and
probabilistic tractography after stroke. Disruption of cor-
tico-spinal fibres influenced functional activation patterns
in three patients with subcortical strokes (Newton et al.
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Intensive

rehabilitation therapy

Improved

hand function

recruitment

different reorganization
strategy
Integrity of
the pyramidal tract

focusing

Fig. 3 A reorganization schema assumed by the present data: a suc-
cessful rehabilitation therapy with improved hand function shows two
pattern of reorganization within affected SMC (focusing and recruit-
ment). These patterns depend on the integrity of the cortico-spinal tract
from the primary motor cortex

2006). Therefore, similar findings would be expected after
a cortical lesion.

To consider interindividual variability the number of
patients within subgroup analyses decreases, therefore
future investigations are necessary to replicate the present
results. One further limiting factor of this view could be the
fact, that the observed interhemispheric inhibition with
different impairment depends on cortical or subcortical
strokes (Niehaus et al. 2003; Murase et al. 2004; Liepert
et al. 2000). We did not investigate the effect of the inter-
hemispheric inhibition. Therefore, additional mechanisms
might affect reorganization. However, this should be
addressed in future investigations. Also of interest could be
an investigation of long term patient outcomes to find out
whether the motor improvements seen in patients with acti-
vation recruitment (and more pronounced pyramidal tract
lesions) persists for a long time period, as previously
described in clinical CIMT studies (Taub et al. 2006b; Wolf
et al. 2000).
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