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ABSTRACT

BACKGROUND AND PURPOSE

Botulinum toxin (BTX) treatment can relieve focal arm spasticity after stroke, presumably
through dynamic changes at multiple levels of the motor system, including the cerebral
cortex. However, the neuroanatomical correlate of BTX spasticity relief is not known and
should be reflected in changes of cortical activation during motor tasks assessed using
repeated functional magnetic resonance imaging (fMRI).

METHODS

Four patients (2 males, 2 females, mean age 25.5 years) with hemiplegia and distal
arm spasticity after chronic ischemic stroke sparing the motor cortex were studied. fMRI
during mental movement simulation of the impaired hand was performed in 2 sessions
before and 4 weeks after BTX treatment. The change in arm spasticity was assessed using
the modified Ashworth scale (MAS).

RESULTS

BTX treatment significantly decreased arm spasticity across the group (mean MAS change
2.1). Whereas fMRI during imagined movement pre-BTX treatment showed extensive bi-
lateral network of active areas, post-BTX activation was confined to the midline and
contralateral sensorimotor cortices. The pre- > post-BTX contrast revealed a significant
decrease in activation of the posterior cingulate/precuneus region after BTX treatment.
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CONCLUSION

This small study suggests that structures outside the classical motor system, such as the
posterior cingulate/precuneus region, may be associated with the relief of poststroke arm

spasticity.

Introduction

Stroke is the most important cause of neurological disabilities
in adults. The clinical features and subsequent disability follow-
ing stroke occur secondary to ischemia-induced neuronal loss.
Damage to the corticofugal fibers (pyramidal and parapyrami-
dal) leads to motor deficits, which are present in more than 80%
of stroke patients.""? These deficits, which are collectively de-
scribed as the upper motor neuron syndrome, are characterized
by a combination of negative phenomena (eg, muscle weakness)
and positive phenomena (eg, spasticity).>® Spasticity is a com-
mon impairment, which can be present in more than a half of
all patients at a year following stroke. Although muscle weak-
ness is an important factor in the motor functional disability in
these patients, the contribution of muscle spasticity is often quite
significant. Spasticity frequently causes problems with posture,
transfers, physical therapy, nursing care, and hygiene.4 Focal
spasticity, particularly resulting from cerebral disorders, is cur-
rently being treated successfully with botulinum toxin (BTX)
A injections into the spastic muscles. BTX is currently consid-

ture at the 16th European Stroke Confer-
ence in Glasgow, United Kingdom, in May
2007, and as a poster at the 17th Meet-
ing of the European Neurological Society,
Rhodos, Greece, in June 2007.
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ered to be the treatment of choice in focal spasticity following
stroke.”

BTX acts by blocking acetylcholine release at the neuro-
muscular junction of both extrafusal and intrafusal fibers. We
hypothesize that because of this dual effect, BTX treatment can
relieve focal spasticity after stroke through dynamic changes at
multiple levels of the motor system, presumably including the
cerebral cortex. The neuromuscular junction site of action is
definite, but there is some evidence that there might be other
sites of action (eg, sensory) that could contribute to the anti-
spastic action, and there could be central nervous system (CNYS)
changes involved as well.® BTX probably alters sensory inputs
to the CNS, with reduction of Ia afferent signals, and thus may
indirectly induce secondary central changes. This phenomenon
has been already described in dystonia and can also be pre-
sumed in cerebral spasticity.””

On the other hand, the brain hemisphere impaired by stroke
is able to restore motor function of the disabled arm, proba-
bly because of the mechanism of cortical plasticity. Both these
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Table 1. Patient Characteristics

Patient No. Sex Age (Years) Lesion Side Lesion Location Hand Dominance
1 M 31 R Thalamus, capsule, basal ganglia (BG) N

2 M 22 L BG, capsule D

3 F 24 L Thalamus, BG, capsule D

4 F 25 R Thalamus, capsule, BG N
Summary 2M/2F 25.5 £ 3.4 years 2L/2R Heterogeneous 2D/2N

L = left; R = right; D = dominant hand impaired; N = non-dominant hand impaired.

processes should be reflected in the changes of cortical activa-
tion during motor or mental tasks, as assessed using functional
magnetic resonance imaging (MRI) (fMRI).

The aim of our fMRI study was to localize the changes
in cerebral cortex activation in stroke patients suffering from
upper limb spasticity and treated with BTX A.

Patients and Methods
Patients

The patients were recruited in the Stroke Centre at the De-
partment of Neurology, University Hospital, Olomouc, Czech
Republic, between January 2005 and January 2007. The study
was conducted in accordance with the Helsinki Declaration of
1975 (as revised in 2000) and was approved by the local ethics
committee of our hospital.

The study group consisted of 4 patients (2 males, 2 females;
aged 25.5 + 3.4 years, range 22-31 years). All patients suffered
from distal arm plegia and spasticity of upper arm following is-
chemic stroke at 1+ and higher of modified Ashworth scale
(MAS) and showed an ability to cooperate during the per-
formed examinations, for example, with normal hearing and
vision (corrected) and not suffering from major aphasia, and
were enrolled after having provided informed consent to their
participation in the study. Screening was performed to exclude
patients with significant cognitive deficit (Mini-Mental State Ex-
amination [MMSE]!?), and depression (Zung self-rating depres-
sion scale'l).

The stroke in all patients had been diagnosed by clinical
history, clinical examination, and brain MR or brain computed
tomography (CT) examinations. The time from stroke onset to
the study entry ranged from 2 to 11 months, and the mean was
5.75 (standard deviation [SD] = 4.1 months). In all patients, the
infarction was visualized by MRI at the beginning of the study
to reveal its size and location.

The patients’ characteristics are listed in Table 1, and the
map of lesions is shown in Figure 1.

Behavioral Assessment

Spasticity was evaluated during clinical examination using the
MAS.!2 The motor function was assessed quantitatively accord-
ing to a dedicated physiotherapeutic protocol, which tested the
functional motor skills and was developed for use in a clinical
rehabilitation setting using the Gross Motor Function Measure
protocol template.!3 The functional assessment was done by
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a rehabilitation specialist blinded to the protocol and treat-
ment. The assessments were done at week 0, when patients
were screened, enrolled, and injected with BTX, and then at
week 4, 4 weeks following the injection of BTX.

Treatment

The patients were treated with BTX A injections into the mus-
cles of the affected arm and then they underwent intensive
rehabilitation treatment (according to the tailored protocol) for
a period of 4 weeks. BTX A (BOTOX™ ; Allergan, Inc., Irvine,
CA) was used for the preparation of the solution. The flexor
carpi radialis, flexor carpi ulnaris, flexor digitorum superficialis,
and flexor digitorum profundus muscles were always injected,;
the dose used for the injection into 1 muscle was always 50

Fig 1. Lesion localization in individual patients displayed on an
axial Talairach-Tournoux atlas template (z = +12 mm). Talairach J,
Tournoux P. Co-planar Stereotaxic Atlas of the Human Brain. 1st ed.
Stuttgart: Georg Thieme Verlag, 1988.



U. Injection of BTX into each muscle in all 4 patients was
always performed with the electromyographic (EMG) guid-
ance, preferably with electrical stimulation for localization of
the muscle intended to be treated. All patients were receiving
antiplatelet therapy, so digital compression of the injection site
has been performed for at least 1 minute after each injection. Fif-
teen minutes after injection, the injection sites were inspected.

The rehabilitation treatment was done during the admit-
tance to the hospital ward, and the treatment was started the
second day after the injection procedure. The patients under-
went sessions of tailored rehabilitation treatment each day, and
each such exercise session lasted 1 hour. The protocol of reha-
bilitation treatment was set up prior to the start of the study, and
the proper adherence of rehabilitation treatment to the protocol
has been repeatedly checked during the sessions. '3

Tasks

Prior to the functional brain imaging session, the subjects prac-
ticed sequential movement of the healthy fingers (Roland’s
paradigm) at the rate of approximately 1 movement every sec-
ond. After attaining smooth, error-free performance with the
healthy hand, the subjects were asked to imagine performing
the same movement with the impaired fingers. The instruc-
tions encouraged performing mental simulation of movement,
associated with a kinesthetic feeling (kinetic imagery).'*

In the MRI scanner, hand movements were performed with
eyes closed; beginning- and end-of-movement blocks were sig-
naled verbally (start/stop) in MR-compatible headphones. In a
block paradigm, imagery of sequential finger movement alter-
nated with rest (15 seconds). Each experimental run consisted
of 12 repetitions of the same imagery-rest block pairs for a total
of 6 minutes. Each participant had 2 experimental runs with the
impaired hand. The fMRI examinations were done at week 0,
when patients were screened, enrolled, and injected with BTX,
and then at week 4, 4 weeks following the injection of BTX.

Data Acquisition

MRI data were acquired on 1.5-Tesla scanners (Avanto and
Symphony; Siemens, Erlangen, Germany) with a standard
head coil. The MR imaging protocol covered the whole brain
with 30 axial slices, 5-mm thick, including anatomical T;-
weighted images to provide an immediate overlay with func-
tional data, fluid attenuated inversion recovery (FLAIR) im-
ages to visualize brain lesions, functional Ty -weighted blood
oxygen level-dependent (BOLD) images during task perfor-
mance and rest, and a high-resolution 3-dimensional anatomical
scan (magnetization-prepared rapid acquisition gradient echo
[MPRAGE]). BOLD images were acquired with gradient echo
echo planar imaging (repetition time/echo time = 2,500/40 ms,
field of view = 220 mm) to provide 3.4-mm x 3.4-mm x 5.0-
mm resolution. In total, 144 images were acquired per each
6-minute functional run. The subject’s head was immobilized
with cushions to assure maximum comfort and minimize head
motion.

Analysis

Prior to fMRI analysis, the imaging data of 2 patients with right
hemispheric lesion were flipped in the left-right direction to

allow group analysis of movement imagery with the impaired
hand.??

fMRI data processing was carried out using FEAT (FMRI
Expert Analysis Tool), version 5.91, part of FMRIB’s soft-
ware library (FSL; http://www.fmrib.ox.ac.uk/fsl). The follow-
ing prestatistics processing was applied: motion correction using
FMRIB’s MCFLIRT!6; slice-timing correction using Fourier
space time-series phase-shifting; nonbrain removal using
FMRIB’s BET!7; spatial smoothing using a Gaussian kernel
of 10-mm full width at half-maximum; grand-mean intensity
normalization of the entire 4-dimensional data set by a single
multiplicative factor; and high-pass temporal filtering (Gaus-
sian weighted least-squares straight-line fitting, with sigma =
15.0 seconds). Time-series statistical analysis was carried out
using FMRIB’s FILM with local autocorrelation correction.!®
Registration to high-resolution structural and/or standard space
images was carried out using FMRIB’s FLIRT.!6:19

Higher-level analysis was carried out using FMRIB’s local
analysis of mixed effects (FLAME) stage 1 only (ie, without the
final Metropolis-Hastings Markov Chain Monte Carlo-based
stage).?2! Z (Gaussianized T/F) statistic images were thresh-
olded using clusters determined by Z >1.5 and a (corrected)
cluster significance threshold of P = .05.22

Results
Behavioral

BTX treatment decreased arm spasticity across the group (mean
MAS change 2.1, P = .0013, 1-sided paired ¢-test) measured
4 weeks following the BTX injection. The mean MAS score at
week 0 was 3.5 (SD = .57), and the mean MAS score at week
4 was 1.38 points (SD = .49).

None of the patients showed any signs of clinical depression
(Zung) or cognitive deficit (MMSE) during the study period.

Imaging

Group fMRI during imagined movement prior to BTX treat-
ment showed an extensive bilateral network of active areas,
including the contralateral motor cortex, supplementary motor
area, bilateral premotor cortices, superior parietal lobe, pre-
cuneus/posterior cingulate, basal ganglia, and ipsilateral cere-
bellum (Fig 2A). fMRI activation during imagined movement
after BTX treatment was limited to the midline and contralat-
eral sensory and motor cortices (Fig 2B).

Across the patient group, the post- > pre-BTX contrast did
not reveal any significant increase of cortical activation after
BTX. On the other hand, the pre- > post-BTX contrast re-
vealed a significant decrease (P < .05) in activation of the pos-
terior cingulate/precuneus region after BTX treatment, a region
centered on Montreal Neurological Institute coordinates (—8,
—48, 0) (see Fig 3).

Discussion

Functional motor recovery after stroke commonly occurs in
surviving patients in the weeks and months following the in-
jury. There is evidence that cerebral reorganization underlies
at least some of this recovery.?? Brain plasticity means that the
structure and function of the brain have a “capacity for be-
ing moulded” (Oxford English Dictionary) and implies that the
brain is continually reorganizing.?®> However, in special cases,
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Fig 2. Functional MRI activation of the motor system during imagery of finger movement (A) before and (B) after BTX treatment of arm
spasticity. Group average statistical maps (z-score) are overlaid in color on the MNI anatomical template. Right side of the brain is displayed
on the left.

Fig 3. BTXtreatment effect. Location of significant decrease in motor system activation after BTX treatment (group posthoc contrast overlaid
on the MNI anatomical template). Right side of the brain is displayed on the left.
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plasticity does not bring only positive benefits. Adaptations may
not necessarily lead to restitution, but can even impair residual
function (so-called maladaptive plasticity). Maladaptive plastic-
ity in the brain has been reported in conditions such as dystonia,
phantom limb pain after amputation, and allodynia.?*"?6 The
development of pain and spasticity after stroke may also be
related to such maladaptive processes.

In our study of poststroke arm spasticity, we investigated the
relationship between dynamic changes in movement-related
brain activation and motor improvement induced by BTX
treatment using fMRI. Imagery of finger movements evoked
activation in the same cortical areas as those associated with
performed movements?’; the most significant regions of acti-
vation during imagery of the stroke-affected hand movement
were found in the contralateral motor cortex, supplementary
motor area, bilateral premotor cortices, and superior parietal
lobe.

One of the observed treatment-related changes was the no-
table reduction in the extent and also the more prominent lat-
eralization of the active sensorimotor network after BTX treat-
ment (see Fig 2), similar to that shown previously.!?-28

A novel finding was the relative decrease of activation in
the posterior cingulate/precuneus region after BTX treatment,
when compared with that seen in the patients prior to the treat-
ment.

First of all, our study is limited by the small number of pa-
tients; therefore, the results should be interpreted with caution.
Whether the posterior cingulate activation before the injection
of BTX is due to usual functional reorganization mediated by
brain plasticity following stroke, or whether this is caused by a
specific condition necessary for the attempt to move a paretic
hand, is not completely clear. The role of plasticity may have
been more prominent in this patient group because the aver-
age patient age was low. The younger patient group emerged
during our patient recruitment; the younger patients had fewer
contraindications to the use of BTX.

Nevertheless, it is possible to speculate on the origins of
this pretreatment activation. A potential interpretation might
be that these changes represent a uniform reaction pattern of
the lesioned brain as a form of maladaptation for the increased
pathological proprioceptive afferentation (via Ia fibers), which
is associated with spasticity.

Under physiological conditions, the cortical motor system is
thought to consist of a number of independent parallel motor
and sensorimotor loops that include the primary motor cor-
tex, dorsolateral premotor cortex (PMd), supplementary mo-
tor area (SMA), cingulate motor areas (CMA), and deep gray
matter structures interconnected at the cortical level and with
projections to spinal cord motor neurons.?’ In the presence of
spasticity, we can assume that the movement-related functional
circuit is extended and includes structures outside the classical
motor system.30

Our findings of treatment-related reduced activation of the
posterior cingulate suggest that BTX probably alters impaired
gating of sensory inputs to the CNS by blocking of the neu-
romuscular junction of the y-motor neurons, which leads to
a reduction of Ia afferent signals, and thus indirectly inhibits
pre-existing feedback-driven execution mode. This hypothesis

support similar previous studies investigating the central effects
of BTX treatment®!%2 using techniques such as positron emis-
sion tomography and EMG that presume central reorganization
following BTX treatment in patients with focal dystonia.

Although there might be some concern that spontaneous
functional recovery or motor rehabilitation-related changes
could affect our results, there are several reasons as to why
we believe that these mechanisms do not play a role in the find-
ings. First, the largest changes in cortical maps during recovery
processes after stroke have been seen in the first few months
after stroke, which is also when the steepest recovery curves are
seen.?3 Our patients were all in the chronic stage of poststroke
recovery; the mean period between stroke onset and the first
fMRI examination in our study was 5.75 months. In the chronic
stage after stroke, motor maps studied with fMRI are stable, as
illustrated in the double-baseline observation of Johansen-Berg
et al.3*

Second, we compared our results with several previous stud-
ies that attempted to define the changes in brain activity that
are responsible for successful recovery and rehabilitation after
stroke in humans,*? including 2 studies involving patients
with hemiplegia.®>3¢ Posterior cingulate changes were not re-
vealed in any of these. Some of the studies also attempted to
focus the investigation on regions correlated with successful mo-
tor rehabilitation,?* but the resulting patterns did not include the
posterior cingulate either; instead, other regions not present in
our results (cerebellum or secondary sensory) showed changes.
We therefore assume that our observed pattern of change is
more likely to be related to the relief of spasticity rather than to
the concomitant physical therapy.

The cingulate gyrus is a principal component of the limbic
system. The anterior and posterior cingulate cortices have dif-
ferent cytoarchitecture and subserve distinctive functions. The
anterior cingulate cortex, consisting of areas 25 and 24, pri-
marily subserves executive functions related to the executive
attention, as well as visceromotor and skeletomotor control,
and responses to noxious stimuli. On the other hand, the pos-
terior cingulate cortex, consisting of areas 29, 30, 23, and 31,
has been associated with functions such as working memory,
encoding of visuomotor tasks and extrapersonal space, topoki-
netic and topographical memory, dynamic relocation of spa-
tial attention, and global attention.*!™3 The posterior cingu-
late has also been related to motor performance and motor
skill. 4447

Although the posterior cingulate region has rarely been dis-
cussed in the context of motor recovery studies of patients,
we found a decrease in activation induced by BTX treatment of
poststroke spasticity. This may imply that this—classical limbic—
cortex may play arole in the preparation of the movement when
the classical motor structures are gated by the abnormal propri-
oceptive input from the spastic muscles of paretic extremity.

Conclusion

This is the first, albeit small, study suggesting that structures out-
side the classical motor system may be associated with the relief
of poststroke arm spasticity. The posterior cingulate/precuneus
region has been implicated in functions such as global attention
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or

complex motor learning; however, in special circumstances,

it probably can modulate motor processing as well.
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