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Differences in the Modulation of Cortical
Activity in Patients Suffering from Upper
Arm Spasticity Following Stroke and Treated

with Botulinum Toxin A

Rozdily v modulaci kortikalni aktivity u pacientd
po cévni mozkové prihodé s rezidudlni
spasticitou ruky lé¢enych botulotoxinem A

Abstract

Aim: The aim of our functional magnetic resonance (fMRI) study was to localize the changes
of cerebral cortex activation in stroke patients suffering from upper limb spasticity and
treated with botulinum toxin A (BoNT). Materials and methodology: 34 patients suffering
from upper limb post-stroke spasticity were examined; 9 of these patients were grouped
into two homogenous subgroups that allowed independent further analysis. Group A con-
sisted of four patients (2 males, 2 females; aged 25.5 + 3.4 years, range 22-31 years) who
suffered from hand plegia. Group B consisted of five patients (4 males, 1 female; aged
67.0 = 11.1 years, range 54-80) who were able to perform real finger movement. The
change of arm spasticity was assessed by using the modified Ashworth scale (MAS). fMRI
was performed during imaginary movement (group A) or real movement of the impaired
hand (group B). fMRI sessions were performed before (WO0) and four weeks (W4) after BONT
treatment. Group B underwent additional fMRI 11 weeks (W11) after BoNT application.
Results: BONT treatment decreased arm spasticity in all patients assessed 4 weeks following
the BoNT injection. fMRI pre-BoNT treatment showed extensive and bilateral task-related ac-
tivation of cortical areas. Following the BoNT treatment, temporary and partial shift towards
normal distribution of activity occurred. The pre>post-BoNT contrast revealed a significant
decrease in activation of the posterior cingulate/precuneus region (group A) and dorsolateral
prefrontal cortex (group B). Conclusion: Our results imply that structures outside the tradi-
tional sensorimotor system may play a role in the relief of post-stroke spasticity.

Souhrn

Cil: Cilem nasi MR studie bylo lokalizovat zmény aktivace mozkového kortexu u pacientl po
cévni mozkové pithodé s rezidudlni spasticitou ruky lé¢enych botulotoxinem A (BoNT). Soubor
a metodika: Bylo vysetfeno 34 pacientll po prodélané cévni mozkové prihodé s reziduaini spas-
ticitou ruky; z tohoto poctu vysetfenych byly nezavisle analyzovany dvé homogenni podskupiny.
Skupina A byla tvofena 4 mladymi pacienty (2 muzi, 2 Zeny, vék 25 + 3,4 let, rozptyl 22-31 let)
s plegif ruky. Skupina B byla tvofena 5 star$imi pacienty (4 muzi, 2 Zeny, vék 67 £ 11,1 let, rozptyl
54-80) s parézou ruky. Mozkovy motoricky systém byl mapovan pomoci funkéni magnetické
rezonance (fMR) béhem provadéni motorické tlohy postizenou koncetinou (skupina A: mysleny
pohybu prstd; skupina B: skutecny pohyb prstd). VySetfeni bylo opakovéno dvakrat, vzdy pred
a Ctyri tydny po aplikaci BoNT. Skupina B byla vySetfena jesté potreti s odstupem 11 tydn od apli-
kace BoNT. Zména spasticity byla hodnocena pomoci modifikované Ashworthovy 3kély (MAS).
Vysledky: Lécba BoNT sniZila spasticitu u viech pacientl; hodnoceno ¢tyfi tydny po aplikaci. fMR
pred aplikaci BoNT ukazovalo abnormné rozséhlou a bilaterdini aktivaci korovych oblasti béhem
motorické Ulohy. Po aplikaci BONT doslo k docasné a ¢astecné normalizaci obrazu aktivace. Kon-
trast pre- > post-BoNT prokazal signifikantni snizeni aktivace v zadnim cingulu/precuneu (skupina
A) a dorzolateralnim prefrontalnim kortexu (skupina B). Zavér: Nae vysledky naznacuji, Ze i struk-
tury mimo klasicky senzorimotoricky systém se uplatriuji u postiktalni spasticity.
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DIFFERENCES IN THE MODULATION OF CORTICAL ACTIVITY IN PATIENTS SUFFERING FROM UPPER ARM SPASTICITY

Introduction

Impairment of corticofugal tracts (tr. cor-
ticospinalis) in ischemic stroke leads to
motor deficit presented by the majority of
the surviving patients [1]. Up to two thirds
of stroke survivors experience impaired
function and spasticity of the upper
limb [2]. A lesion in the sensory or motor
circuits typically causes greater weak-
ness of the wrist and fingers than pro-
ximal shoulder muscles [3]. Most of the
motor function recovery or improvement
occurs within 3-6 months post stroke and
recovery is expected to plateau six mon-

ths post stroke [4]. Three recovery me-
chanisms are suggested [5]. Restitution
includes processes that follow success-
ful recanalisation of the occluded vessel
and function restitution in the penum-
bra zone. Substitution includes proces-
ses likely related to brain plasticity [6—12].
Compensation comprises functional im-
provement achieved by modification of
the movement pattern.

Brain plasticity means that the structure
and function of the brain are continually
reorganizing [13]. Reorganization of the
sensory-motor maps is caused by affe-

rent inputs, i.e. interactions with the envi-
ronment, its changes, learning etc. Brain
plasticity after stroke is associated with
substitution by undamaged areas in pri-
mary sensory and motor cortex and other
cortical areas. Performance of an active
motor task after stroke is associated with
lateral and posterior displacement of ac-
tivity in M1, probably into S1 [9,14]. The
displacement occurs progressively over
time in association with recovery of hand
function [15].

The degree of muscle weakness is cru-
cial in determining the degree of mo-
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Tab. 1. Patient demographic characteristics.

Age Time post stroke  Affected
(months) hand (side)
72 23 R
31 7 L
22 3 R
24 3 R
64 14 R
62 10 L
61 6 R
54 15 R
74 3 L
76 6 L
56 4 L
72 72 R
68 5 R
77 18 R
60 9 L
66 10 R
44 83 R
64 6 R
25 11 L
80 6 L
68 9 L
80 12 R
69 4 R
33 32 L
70 4 L
68 7 L
55 8 L
67 64 R
34 14 L
66 3 L
51 23 R
44 3 L
64 35 L
73 7 R

S — severe (unable to perform finger movement), M — mild (able to perform finger movement)

Severity of
paresis

Number of Task

fMRI sessions
3 real
imagine
imagine
imagine
real
real
real
real
imagine
imagine
real
real
imagine
real
real
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imagine
imagine
imagine
real/imagine
imagine
real
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imagine
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DIFFERENCES IN THE MODULATION OF CORTICAL ACTIVITY IN PATIENTS SUFFERING FROM UPPER ARM SPASTICITY

Tab. 2. Group A characteristics.

Summary 2M/2F 25.5+3.4 2L/2R

FE — finger extensors, FF — finger flexors

Patient Sex Age Lesion
No. (years) side
1 M 31 R

2 M 22 L

3 F 24 L

4 F 25 R

Lesion Hand do- Zung SDS MMSE mMRCFE mMRCFF Barthel
location minance index index
thalamus, N 34 1-2 0 90
capsule, BG

BG, capsule D 30 0 0 85
thalamus, D 44 1-2 1 90
BG, capsule

thalamus, N 54 0 0 80
capsule, BG

hetero- 2D/2N  40.5+10.8 29.5+0.6 86.3+4.8
geneous

L — left, R = right, D — dominant hand impaired, N — non-dominant hand impaired, BG — basal ganglia, mMMRC — modified MRC scale,

vement deficit [16,17]. Other motor
(especially spasticity) and non-motor
(e.g. neglect, sensory impairment,
emotional and speech-related difficulties)
may also contribute. Spasticity frequently
causes problems with common daily acti-
vities, hygiene, physical therapy, and nur-
sing care [18]. A prospective study found
spasticity prevalence to be 38% one year
after stroke [19]. Focal spasticity is cur-
rently successfully treated with botulinum
toxin [20,21].

There is growing evidence that BoNT
treatment can relieve focal spasticity not
only due to the peripheral site of ac-
tion [22]. We hypothesized that besides
the well-known neuromuscular junction
site of action, BoNT treatment can relieve
focal spasticity through dynamic chan-
ges at multiple levels of the motor sys-
tem, presumably including the cerebral
cortex. These processes should be reflec-
ted in changes of cortical activation du-
ring motor or mental tasks, as assessed
using functional magnetic resonance ima-
ging (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 BONT.

Patients and methods
The study was approved by the institu-
tional ethics committee and all subjects
gave written consent for the study in ac-
cordance with the Helsinki Declaration.
A total of 34 patients who were in the
chronic phase of ischemic stroke and ma-
nifesting with distal upper arm spasticity,
were enrolled (tab. 1).

Four patients discontinued the study pro-
tocol and were excluded from further ana-
lysis. Twenty five patients underwent the
complete protocol with 3 fMRI sessions;
5 patients underwent an incomplete pro-
tocol with 2 fMRI sessions. All enrolled
patients suffered from unilateral distal
arm weakness with spasticity following
ischemic stroke at point 1+ or higher of
the modified Ashworth scale (MAS). Ex-
clusion criteria were the duration of post-
-stroke period less than 3 months, severe
cognitive deficit and severe depression
assessed using the MMSE and Zung sca-
les [23,24], as these could alter participa-
tion in the study; and magnetic resonance
imaging exclusion criteria.

Nevertheless, the whole group of enrol-
led patients was very heterogeneous. Pa-
tients differed in several characteristics,
especially age, severity of neurological
impairment and degree of spasticity. To
obtain more homogeneous subgroups
suitable for group analysis, we conside-
red age and severity of neurological im-
pairment as two main variables affecting
both motor system plasticity and func-
tional MRI task selection. Two subgroups
that emerged using this classification
were analyzed independently.

The first subgroup (group A) consisted
of 4 young patients (2 males, 2 females;
aged 25.5 + 3.4 years, range 22-31 years)
who suffered from hand plegia (move-
ment disability) and performed imagined
finger movement as the functional MRI
activation task [25]. The patients’ chara-
cteristics are listed in tab. 2.

The second subgroup (group B) con-
sisted of 5 elderly patients (4 males,

1 female; aged 67.0 £ 11.1 years, range
54-80) who were able to perform real
finger movement; this type of task al-
lowed visual control and correction of
finger movement. These patients also
underwent an additional fMRI session
3 months following the BoNT application,
when the effect on muscle fibers diminis-
hed [26]. The patients’ characteristics are
listed in tab. 3.

Patients were studied using a pre-
viously published protocol [25]. Spasticity
was evaluated during clinical examination
using the Modified Ashworth Scale [27].
The assessments were done at Week O,
when patients were screened, enrolled
and injected with BoNT, then at Week 4,
four weeks following the injection of
BoNT (when BoNT effect is assumed to be
maximal) and at Week 11 (only group B),
3 months after the BoNT injection, when
the effect on muscle fibers ceased.

Similarly to behavioral assessments,
functional MRI examinations were done
at Week 0, Week 4 and Week 11 (only
group B).

Task

The task itself was a sequential finger mo-
vement or mental movement simulation
in Roland’s paradigm using the impaired
hand. Patients with hand plegia (group A)
first practiced the task with their healthy
fingers and, when in the MRI scanner,
they were asked to imagine performing
the same movement with their impaired
fingers. Patients with preserved move-
ment of the impaired hand moved their
fingers (in the sequential Roland’s para-
digm) under visual control of a technician.
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Tab. 3. Group B characteristics.

Patient Sex  Age (years) Lesion
No. side
1 M 54 L

2 M 60 R

3 F 64 L

4 M 77 L

5 M 80 L
Summary 4M/1F 67.0+11.1 4L/1R

expressive aphasia

Lesion Hand do- Zung SDS
location minance index
thalamus, D 31

capsule, BG
BG, capsule N 41
thalamus, D 50
capsule, BG
thalamus, D 40
capsule, BG
thalamus D 49
hetero- AD/IN 422 =x7.7
geneous

L - left, R = right, D — dominant hand impaired, N — non-dominant hand impaired, BG — basal ganglia, mMRC — modified MRC scale,
FE — finger extensors, FF — finger flexors, N/A — not applicable — the MMSE score could not be interpreted because of the presence of

MMSE mMRC mMRC Barthel
FE FF index
24 3-4 4 85
28 4 4-5 90
N/A 3-4 4 65
24 2-3 3 70
N/A 3-4 4 20
66.0 = 27.7

In the MRI scanner, the task was perfor-
med with eyes closed, and the beginning
and end of the active block were signa-
led verbally (start/stop) in MR-compati-
ble headphones. The block paradigm ti-
ming was 15 s on (active task) — 15 s off
(rest). Each experimental run consisted of
12 repetitions of the same task-rest block
pairs, for a total of 6 minutes. Each par-
ticipant had two experimental runs with
the impaired hand.

Treatment

The patients were treated with BONT A in-
jections into muscles of the affected arm
at week 0. Treatment was injected using
EMG guidance (Medtronic Keypoint, Al-
pine Biomed ApS, Denmark) and elect-
rical muscle stimulation. The following
muscles were always treated: the flexor
carpi ulnaris muscle (FCU), the flexor carpi
radialis muscle (FCR), the flexor digitorum
superficialis muscle (FDS), and the flexor
digitorum profundus muscle (FDP). When
there was a need for additional injections
into other muscles of the upper limb, they
were injected using the same technique;
the following muscles were injected:
m. brachioradialis (BR) in one patient, m.
biceps brachii (BB) in one patient, m. pro-
nator teres (PT) in two patients. The dose
of BoNT (Botox®) was 50 U (100 U in bi-
ceps brachii) per muscle. The effect of the
BONT treatment was tested using both cli-
nical (MAS) and imaging assessments.

Data acquisition
Magnetic resonance imaging data were
acquired on 1.5 Tesla scanners (Avanto

and Symphony, Siemens, Erlangen, Ger-
many) with a standard head coil. The
MR imaging protocol covered the whole
brain with 30 axial slices 5 mm thick, in-
cluding anatomical T, -weighted images
to provide an immediate overlay with
functional data, fluid-attenuated inver-
sion recovery (FLAIR) images to visualize
brain lesions, functional T,*-weighted
(BOLD) images during task performance
and rest, and a high-resolution 3D ana-
tomical scan (MPRAGE). BOLD images
were acquired with gradient echo EPI,
TR/TE = 2,500/40 ms, FOV 220 mm, to
provide 3.4 x 3.4 x 5 mm resolution.
144 images were acquired per each 6-mi-
nute functional run. A subject’s head was
immobilized with cushions to ensure ma-
ximum comfort and to minimize head
movement.

Analysis

fMRI data processing was carried out
using FEAT (FMRI Expert Analysis Tool)
Version 5.98, part of FSL (FMRIB’s Soft-
ware Library, www.fmrib.ox.ac.uk/fsl).
The following pre-statistics processing
was applied: motion correction using
MCFLIRT [28]; slice-timing correction using
Fourier-space time-series phase-shifting;
non-brain removal using BET [29]; spatial
smoothing using a Gaussian kernel of full
width at half-maximum (FWHM) 10 mm:;
grand-mean intensity normalization of
the entire 4D dataset by a single multipli-
cative factor; high-pass temporal filtering
(Gaussian-weighted least-squares straight
line fitting, with sigma = 15.0 s). Time-
-series statistical analysis was carried out

using FILM with local autocorrelation cor-
rection [30]. Registration to high resolu-
tion structural and/or standard space ima-
ges was carried out using FLIRT [28,31].

Higher-level analysis was carried out
using FLAME (FMRIB's Local Analysis of
Mixed Effects) stage 1 and 2 with automa-
tic outlier detection [32-34]. Z (Gaussia-
nized T/F) statistic images were threshol-
ded using a corrected cluster significance
threshold of p = 0.05 [35]. In group B,
the longitudinal 3-session design permits
separation of the physiotherapy effects,
expected to be gradually developing over
time, from the transient effect of BoNT.
The treatment effect at session 2 (W4)
may be decomposed into a transient BONT
effect and a progressive effect of time
and physiotherapy using specific post-hoc
linear contrasts, comparing the weigh-
ted average of sessions 1 and 3 and ses-
sion 2, using temporal distance from ses-
sion 2 as the weights: (7 x ST + 4 x S3)/11
versus S2.

Results

Behavioral

BONT treatment decreased arm spasticity
across all patients measured 4 weeks fol-
lowing the BoNT injection.

In group A, the mean MAS scores were
3.5 (SD= .57) at Week 0, 1.38 (SD= .49)
at Week 4 and the mean MAS change
from baseline was 2.1 (P= .0013, one-si-
ded paired t-test).

In group B, the mean MAS scores were
2.3 (SD= .67) at Week 0, 1.7 (SD= .27)
at Week 4 and the mean MAS change
from baseline was 0.6 (P= .0724, one-si-
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ded paired t-test). In group B, the mean
MAS score at Week 11 was 2.2 (SD= .45)
and did not significantly differ from
Week 0 (MAS change 0.1, p = 0.352,
one-sided paired t-test).

Imaging — group mean

Functional MRI during impaired hand mo-
vement or during imagined movement
before BoNT treatment showed an exten-
sive bilateral network of active areas, in-
cluding the contralesional motor cortex,
supplementary motor area, bilateral pre-
motor cortices, bilateral superior parietal
lobe, precuneus/posterior cingulate, bila-
teral basal ganglia and ipsilesional cere-
bellum (fig. 1a).

Imaging - treatment effects

After the BoNT-treatment, both groups
manifested reduction of previously wide-
spread activation towards normal spatial
distribution of activity into the midline
and contralesional sensorimotor cortex
(fig. 1b).

fMRI 11 weeks after the BoNT applica-
tion (group B) showed a similar pattern of
activation as the session prior to the BoNT
treatment (fig. 1¢).

In the group of patients with arm plegia
(group A) the pre>post-BoNT contrast re-
vealed a significant decrease (p < 0.05) in
activation of the posterior cingulate/pre-
cuneus region close to the midline, cen-
tered on the Montreal Neurological Insti-
tute (MNI) coordinates -8, —48, 0 (fig. 2).

In the group of patients with preser-
ved finger movement (group B), the
pre>post-BoNT contrast revealed a sig-
nificant decrease (p < 0.05) in activa-
tion of the following contralesional
cortical areas: dorsolateral prefrontal
cortex, inferior frontal gyrus, and post-
central gyrus (fig. 3). Local maxima for
between-session contrast reflecting
BoNT treatment effect in group B are
shown in tab. 4.

Discussion

Cerebral plasticity plays an important role
in post-stroke recovery. Functional ima-
ging studies showed that motor recovery
is associated with massive recruitment of
areas in the motor system early after the
stroke. Initial increase in bilateral sensori-
motor activity patterns normalize during
recovery [36-39]. Alleviation of the extent
and bilateral movement-related activity is
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Fig. 1. Functional MRI activation during a real finger movement (a) before BoNT
treatment, (b) four and (c) eleven weeks following BoNT administration.

Group mean statistical maps (Z-score) are overlaid in color on the MNI anatomical
template. Right side of the brain is displayed on the left.
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Fig. 2. BONT treatment effect in
group A: location, posterior cingu-
late/precuneus region of the most sig-
nificant decrease of activation after
BoNT treatment (group post-hoc con-
trast overlaid on an MNI anatomical
template).

Right side of the brain is displayed on the
left.

recovery-dependent: patients demonstra-
ting poor motor recovery continue to ac-
tivate a number of primary and non-pri-
mary motor regions more than those
demonstrating good recovery [40,41].

Processes of cerebral plasticity may not
be purely beneficial but can in fact even
impair residual function (maladaptive
plasticity) as reported in conditions such
as dystonia, phantom limb pain and allo-
dynia [42-45]. Development of spasticity
after stroke may also be related to such
maladaptive processes.

Fig. 3. BONT treatment effect in
group B: location, dorsolateral pre-
frontal cortex (DLPFC) of the most sig-
nificant decrease of activation after
BoNT treatment (group post-hoc con-
trast overlaid on the MNI anatomical
template).

Right side of the brain is displayed on the
left.

At present, BoNT is a well-esta-
blished part of multimodal antispas-
tic treatment. It has been proven that
BoNT acts peripherally. However,
there also is some evidence that BoNT
acts through a supraspinal mecha-
nism and can even affect cortical
reorganization [21,46,47].

Most of the previous fMRI studies
described changes in task-related cor-
tical activity after specific rehabilitative
treatment, e.g. constraint-induced the-
rapy [41]. Only a few studies reported

cortical changes after BoNT injections into
the spastic muscles [25,26,48].

In our research, we focused on the re-
lationship between dynamic changes in
movement-related brain activation and
alleviation of spasticity induced by BoNT
treatment.

In both our experiments, functional MRI
examination done prior to the treatment
showed widespread and bilateral activa-
tion during the motor task. The most sig-
nificant regions of activation were found
in the contralesional motor cortex, sup-
plementary motor area, bilateral premo-
tor cortices, bilateral superior parietal
lobe, precuneus/posterior cingulate, bi-
lateral basal ganglia and ipsilesional ce-
rebellum. Imagery of finger movements
(group A) evoked activation in the same
cortical areas as those associated with
performed movements (group B), similar
to that shown previously [49].

We can assume that this pretreatment
activation might be a uniform pattern of
the lesioned brain as a form of maladap-
tation due to increased pathological pro-
prioceptive afferentation (via la fibers)
that is associated with spasticity.

As expected, BoNT-derived alleviation
of spasticity was found in both groups
and it was more prominent in the group
of completely plegic patients with higher
MAS before treatment. Also, the BoNT
treatment-related reduction of abnormal

Tab. 4. Regions showing BOLD response changes related to BTX treatment in group B - significance of local
maxima, MNI coordinates and atlas-based anatomical description.

Cluster Z X y z Area (Harvard-Oxford Cortical Structural Atlas)

Index

1 3.1 -40 44 20 ,86% Frontal Pole, 1% Middle Frontal Gyrus”

1 3.09 -30 -30 74 ,29% Postcentral Gyrus, 7% Precentral Gyrus”

1 3.09 -46 -54 58 ,13% Angular Gyrus, 12% Supramarginal Gyrus, posterior division, 10% Lateral Occipital
Cortex, superior division, 4% Superior Parietal Lobule”

1 3.08 -54 -42 52 ,42% Supramarginal Gyrus, posterior division, 27% Supramarginal Gyrus, anterior division,
3% Superior Parietal Lobule, 2% Angular Gyrus”

1 3.06 -50 -48 54 ,50% Supramarginal Gyrus, posterior division, 14% Angular Gyrus, 4% Superior Parietal
Lobule, 3% Supramarginal Gyrus, anterior division, 1% Lateral Occipital Cortex, superior
division”

1 3.06 -46 -42 62 ,12% Superior Parietal Lobule, 8% Postcentral Gyrus, 1% Supramarginal Gyrus, anterior
division”

1 293 -48 -22 62 ,62% Postcentral Gyrus”

1 292 -46 -34 60 ,52% Postcentral Gyrus, 6% Superior Parietal Lobule, 1% Supramarginal Gyrus, anterior
division”

1 289 -30 -24 74 ,24% Precentral Gyrus, 7% Postcentral Gyrus”

1 288 -30 -30 70 ,59% Postcentral Gyrus, 15% Precentral Gyrus, 1% Superior Parietal Lobule”
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extent and bilateral activation was ob-
served in both groups. We extended the
protocol of the first experiment by ad-
ding a third fMRI session (group B) at the
time when BoNT effect on muscle fibers
waned. BoNT-off data revealed a wide re-
cruitment of cortical areas similar to that
before the treatment. This approach al-
lowed us to distinguish the BoNT-related
effect from other mechanisms that could
affect the results, e.g., spontaneous func-
tional recovery or rehabilitation-related
changes. In addition, all patients were in
the chronic post-ischemic stroke stage,
when activation patterns are stable [41].

In the periphery, BoNT affects intrafusal
fibers as well as extrafusal ones and thus
alters pathological sensory inputs to the
CNS by blocking the neuromuscular junc-
tion of the gamma motor neurons. This
blockade leads to a reduction of la af-
ferent signals and indirectly inhibits the
pre-existing feedback-driven execution
mode [50]. This might be the mechanism
through which the BoNT treatment redu-
ces maladaptive plasticity. The hypothesis
of central reorganization following BoNT
treatment is supported by studies using
neurophysiologic and imaging methods
in patients with focal dystonia [51-53].

In both our experiments, decreased ac-
tivation was found not only in the tradi-
tional motor regions but surprisingly also in
regions that are not usual components of
the motor system. The strongest hotspots
were identified within the posterior cingu-
late cortex in group A and the dorsolateral
prefrontal cortex (DLPFC) in group B.

The posterior cingulate (group A), con-
sisting of Brodmann areas 29, 30, 23, and
31, is a component of the limbic system
and has been associated with functions
such as working memory, encoding of vi-
suomotor tasks and extrapersonal space
and global attention [54-56].

The posterior cingulate cortex has been
frequently mentioned in connection with
the default network [57]. The dorsolateral
prefrontal cortex (group B) is thought to
be an association area that includes parts
of the superior and middle frontal gyrus,
a minor portion of the inferior frontal
gyrus in Brodmann areas 9 and 46 [58].
DLPFC has been associated with such
functions as working memory, decision
making and executive functions [59-61].
Both posterior cingulate and DLPFC also
contribute to motor performance and

motor skill [62,63]. DLPFC has dense con-
nections with cingulate cortices as was
confirmed in previous studies [64,65].

On one hand, the localization of chan-
ges in both groups falls in the same func-
tional category of “extended” motor sys-
tem, i.e., areas that are not active during
performance of common motor tasks but
are related to either complex aspects of
motor planning or adaption to extended
motor skill learning or injury of motor
structures. On the other hand, there are
obvious differences between the groups.
It is rational to associate them prima-
rily with the basic differences between
the groups, i.e., age and severity of par-
esis. We presume that motor control in
the elderly patients with preserved volun-
tary hand movement resembles healthy
subjects. DLPFC is a frontal association
area, hierarchically superior to the pre-
motor cortex and is activated in healthy
subjects while planning and performing
complex motor tasks, even though it has
no direct connections to spinal motor
neurons and acts through hierarchically
lower premotor and motor areas. From
this perspective, DLPFC is closer to the
traditional cortical motor system (areas
with corticospinal projections). On the
other hand, the posterior cingulate/pre-
cuneus area that manifested changes in
the group of younger patients with hand
plegia, is also mentioned in association
with the motor system but at a qualita-
tively different level. This greater functio-
nal “distance” could be linked to inability
to perform real voluntary hand move-
ments in the presence of subcortical le-
sion of the corticospinal tract and, con-
sequently, abnormal movement control.
In such a situation, the motor network
may engage anatomically and functio-
nally more “distant” cortical areas. Un-
fortunately, these speculations are diffi-
cult to support with ancillary data as, for
example, analogous studies in stroke pa-
tients with hand plegia treated for spas-
ticity are presently unavailable. However,
since both our pilot groups involved ra-
ther a small number of patients, the re-
sults should be interpreted with caution
and generalization of our results to the
whole clinical population is impossible.
Nevertheless, we assume that the above
mentioned areas may play a role in per-
forming movement in situation when the
traditional motor structures are engaged

in the processing of abnormal proprio-
ceptive input from the spastic muscles of
a paretic extremity.
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