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Introduction 
Spasticity, an increase in velocity-dependent resistance to 

stretching, is a movement disorder that manifests clinically as hyper-
reactivity of the muscles [1]. It commonly occurs after ischemic lesion 
to the central nervous system, and 80% of stroke patients experience 
motor deficit due to damage to the pyramidal and/or extrapyramidal 
pathways [2]. These clinical features are defined as upper motor neuron 
syndrome, which is characterised by both positive (spasticity) and 
negative (hyposthenia) phenomena [3]. Spasticity in particular is a 
common phenomenon, and may strike roughly 38% of stroke patients 
a year after the ischemic event [4]. 

Stroke patients are spontaneously able to regain partial motor 
function through “brain recovery” processes linked to cortical 
plasticity. However, botulinum toxin A (BoNT-A) can be used to 
reduce involuntary muscle contraction in such patients, the rationale 
being that it does so by reducing cholinergic transmission at the 
neuromuscular junction, provoking paralysis. Local administration of 
BoNT-A has been shown to be more effective than systemic approaches, 
and is therefore a first-line treatment in muscle hyperactivity after 
stroke [5-7]. 

Although the peripheral effects of botulinum toxin are well known, 
only recently has evidence regarding its potential effects on the central 
nervous system, in particular the cerebral cortex, begun to emerge [8,9]. 
These effects may be explained by a reduction in the length/number/

density/excitability of type 1a sensory nerve fibres, a phenomenon that 
has already been described in dystonia [10,11]. 

Thus the aim of a peripheric botulin toxin therapy is mainly to 
reduce spasticity, so allowing a more regular and ordinated pattern 
of movement that will work on cortical function, allowing eventual a 
better cortical organization of neuronal activation.

This primary afferent fibre reduction and cortical plasticity are 
both reflected in changes in cortical activation during the actual and 
imagined execution and of motor tasks. So-called “motor imagery” 
is the dynamic state during which the representation of a specific 
motor action is reactivated within the working memory, without 
any evident motor output, and it is governed by the principles of the 
central motor nervous system [12,13]. Motor imagery has potential 
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applications in motor skills training in both healthy subjects (e.g., 
athletes and professional musicians) and patients with neurological 
damage. Nevertheless, thus far few studies have focussed on motor 
imagery training as a means of obtaining functional recovery after 
stroke [14,15].

We set out to evaluate the modulatory effects of botulinum toxin 
therapy on the central nervous system over time on stroke-derived 
spastic hemiplegia patients. The primary end-point was to confirm 
the existence of such an effect, using fMRI to record cerebral plasticity 
phenomena.

Materials and Methods 
Patients

Ten healthy volunteers (all with left hemisphere cerebral 
dominance) were recruited as a control group, and were subjected to 
the fMRI protocol to study the brain areas activated during real and 
imagined motor and listening tasks. Seven patients affected by spastic 
hemiplegia following ischemic or haemorrhagic stroke (Table 1) were 
also recruited according to the following inclusion criteria [16]:

• Hemiplegia after acute ischemic or haemorrhagic stroke, as 
documented by CT scan;

• At least 6 months’ time elapsed after stroke; 

• Upper limb spasticity of at least 1+ on the Modified Ashworth Scale 
(MAS) [17];

• Complete distal spastic plegia of the upper limb (residual force 
of finger and thumb flexors and extensors M=0 on the Medical 
Research Council Scale [18]

• Final BoNT-A treatment and no rehabilitation therapy in the three 
months before enrolment.

• The exclusion criteria were as follows [16]:

• Fixed contracture and/or bone deformity of upper limb; 

• Cognitive impairment limiting comprehension of motor tasks 
during treatment;

• Concomitant progressive central nervous system disease;

• Peripheral nervous system disease/myopathy;

• Previous surgery to upper limb extensor or flexor muscles, or 
arthrodesis to the compromised side.

Study protocol

All subjects were informed as to the nature of the fMRI test before 
undergoing a total of three sessions, one at T0 (before commencing 
BoNT-A therapy), the second at T1 (4 weeks after the treatment), and 
the last at T2 (8 weeks after treatment). No rehabilitation therapy, 

except for passive muscle stretching, was performed between sessions 
held at T0, T1 and T2. Healthy controls were also tested at the same 
three time intervals, T0, T1 and T2.

Treatment

Patients were given local injections of BoNT-A 
(incobotulinumtoxinA) at a dilution 100:2 cc 0.9% NaCl solution. The 
mean dose administered was 235±138 U (Units), range 90–400, and 
muscles treated were: flexor digitorum superficialis (7 patients), flexor 
digitorum profundus (5 patients), flexor pollicis longus (7 patients), 
flexor carpi ulnaris (3 patients), flexor carpi radialis (2 patients), 
adductor pollicis (1 patient), opponens pollicis (1 patient), flexor 
pollicis brevis (1 patients), and pronator teres (1 patient). The mean 
interval between the stroke and the treatment was well over 6 months 
(47.2 ± 43 months, range 12–129 months).

Experimental paradigm & fMRI technique

Before each session, subjects were asked to practice the finger-
tapping task with their good hand (real finger tapping, RFT) and 
subsequently to imagine performing the same task with their plegic 
hand (imagined finger tapping, IFT), or the contralateral in the case 
of healthy controls. The motor imagery task consists of performing 
a mental simulation of the movement associated with a kinaesthetic 
sensation (imagining one-self performing the task). 

The experimental paradigm involved the alternation of two tasks 
(A and B) in which the first, A, was the target (real or imagined motor 
task) and the second, B, involved passively listening to musical tones 
to clear their mind. Three of these task sequences were performed by 
each subject in each fMRI session, as shown in Table 2. Audio and 
visual stimuli for task execution were delivered to subjects by means 
of NordikAktiva software (NordikNeuroLab, Bergen, Norway), and 
the hardware setup therefore comprised MRI goggles and headphones 
synchronized with the scanner, and an MRI-compatible joystick for 
giving subjects task execution feedback. MR images were recorded 
using a Philips Achieva (version 2.5.3) 1.5 Tesla (Philips Healthcare, 
Best, The Netherlands), using an 8-channel phased-array synergy coil.

A sequence of 3D T1-weighted images (TR: 25 ms; TE 4.6 ms; 
acquisition matrix: 240x240; voxel size: 1x1x1 mm3) was acquired 
before each session and used as a template for localization of functional 
activations. Each of three functional runs was acquired using axial 
echo-planar (EPI) scans (TE=50 ms, TR=3000 ms, matrix 128x128, 
FOV=230x230 mm, slice thickness=4 mm, 26 slices, 1NEX) comprising 
90 volumes divided into 9 blocks corresponding to alternating tasks 
(A-B-A-B-A-B-A-B-A), each block made up of 10 volumes of duration 
30s (total run duration 270”).

The paradigm was the same for healthy controls and patients and 
therefore comprised

• An activation phase in which the subject was asked to press the 
button on the joystick repeatedly with their good hand (or to 
imagine doing it with their plegic/contralateral hand) upon the 
command “MOVE HAND” projected into the MRI goggles (task 
A).

wN° Patient Sex Age Side of lesion Site of Lesion Dominance 
1 F 43 Right Basal Ganglia Right
2 M 48 Left Fronto-parietal Right
3 F 50 Right Basal Ganglia Right
4 M 61 Left Fronto-parietal Right
5 M 45 Right Fronto-Temporo-Parietal Right
6 M 47 Left Basal Ganglia / Insula Right
7 F 42 Left Basal Ganglia Right
Overall 3F 4M 48 3 R and  4 L Heterogeneous 7 Right

Table 1: Patient details

TASK A
1 Real finger tapping, FTR Tonal Auditory Stimulus
2 Imagery finger tapping, FTI-1 Tonal Auditory Stimulus
3 Imagery finger tapping, FTI-2 Tonal Auditory Stimulus

Table 2: Schematic representation of experimental paradigm followed at each 
session and for each subject
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• A resting phase (“Rest”) in which the subject was fed musical tones 
comprising a kind of melody through the headphones (task B). 

Statistical analysis 

Functional data was analysed by means of SPM software v.8b. 
Functional images were corrected for movement, co-recorded with 
the corresponding morphological images, normalized for Talairach 
space, and passed through a spatial smoothing filter (FWHM 8mm). 
The voxels activated during each task (A or B) were detected using level 
1 analysis, identifying those activated during the task (FTR or FTI1/
FTI2) as ON. Group analysis was then performed (level 2 analysis, 
p<0.001, without correction) for each task, and the SPM tool xjView 
was used to determine the maximum intensity and number of voxels 
in each functional area (cluster), and the Brodmann area involved 
(quantitative analysis).

The functional map renderings were saved, and examined 
independently by two neuroradiologist fMRI experts, who provided 
semi-quantitative scores. The inter-operator agreement was calculated 
using Cohen’s k test.

Results
Controls

Both “first level” and “second level” group analysis (Table 3) 
showed that cerebral cortex in the primary and supplementary motor 
areas, the dorsolateral prefrontal area (DLPF), were activated during 
the motor imagery task. Group analysis of the three tests performed at 
T0, T1 and T2, showed no alteration over time.

Patients

All patients managed to complete the three fMRI sessions at T0, 
T1 and T2, and none reported any difficulty in performing the tasks. 
Figure 1 show the motor areas activated in one patient who had 
suffered stroke to the right basal ganglia during the motor imagery 
tasks at T2 (8 weeks after botulinum toxin therapy). Figure 2 shows the 
cerebral activation upon motor imagery stimulation, subjected to level 
2 analysis, at T0 (A); 4 weeks after the treatment, T1 (B); and 8 weeks 
after treatment, T2 (C). As we have previously noted that repeating 
the motor imagery task improves results and provides better statistical 
significance, we performed statistical analysis on the data from the 
second of the two tests. 

Cluster 13 Sector:  voxel
Voxel n 127 Parietal inf R 73
peak intensity 14,2253 Br 40 43
Site Parietal inf R

Cluster 15 Sector:  voxel
Voxel n 7 Parietal inf L 6
peak intensity 7,5103
Site Parietal inf L

Cluster 16 Sector:  voxel
Voxel n 34 supp motor area L 25
peak intensity 9,8075 Br 6 17
Site supp motor area L supp motor area R 6

Table 3: SPM analysis of fMRI cortical activations in healthy subjects by site, voxel 
number, peak intensity and anatomical functional correlation 
Abbreviations: L=Left; R=Right; inf=inferior; supp=supplemental; Br=Broca Area

Figure 2 A-C: Level 2 analysis of Brodmann area 6 in patient group showing 
mean activations at T0 (A), T1 (B) and T2 (C), respectively before BoNT-A thera-
py and 4 and 8 weeks after. Note the progressive reduction in size and improved 
definition of the activation cluster.

Figure 1: Post-processed image (SPM software) of right basal ganglia stroke 
patient performing motor imagery task at T2. Note the activation of areas M1, 
SMA, DPLF and cerebellum

A

B

C
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Findings from one of the 7 stroke patients (14.3%) were not 
significant after SPM post-processing; the patient in question had 
extensive ischemic damage to the parietal lobe and the test was not 
found to be diagnostic. Post-processing images were assessed by two 
radiologists, who scored the activation of the various cortical areas 
as follows: 0 = no activation, 1 = possible activation, and 2 = certain 
activation. There was very good agreement between the two sets of 
qualitative scores (K=0.92)

Some of our patients were left-handed, and so in order to obtain 
a homogeneous group for level 2 analysis, some images were inverted 
(flipped) so that all lesions were pictured on the right. Level 2 analysis 
of the patients revealed the following (see Table 4, Charter 1, 2, 3a and 
3b):

• At T0, activation was mainly seen in the secondary visual cortex 
(Brodmann area 18) and secondary motor areas (SMA and 
Brodmann 6); activation was bilateral but greater voxel numbers 
and intensity were seen in the hemisphere contralateral to the lesion. 

• At T1, the activation of the supplementary motor area was reduced 
bilaterally, in terms of both voxel number and intensity; this was 
most evident in the lesioned hemisphere, at the SMA, in which 
voxel numbers were reduced by roughly 73.2 % with respect to T0 
was observed, and Brodmann area 6, in which a reduction in voxel 
number of roughly 79.8% with respect to T0 was observed.

• At T2, the main finding was a further reduction in bilateral 
secondary motor area activation, once again most evident in the 
SMA of the lesioned hemisphere, and Brodmann area 6 displayed a 
reduction in the number of voxels and an increase in the activation 
intensity of the same.

Discussion
Our study shows, by mean of motor imagery fMRI evaluation, that 

botulinum toxin therapy brings changes in brain activity that are not 
directly dependent on modifications due to voluntary motor control 
(active rehabilitation). Hence, we can state that administration of 
BoNT-A to the upper limb in adults suffering from spastic hemiplegia 
can induce cerebral plasticity phenomena. Indeed, the available 
evidence shows that in addition to its peripheral effects, intramuscular 
injection of BoNT-A also has an effect on the CNS in our patients, as 
in both dystonia patients ([19]) and those with hemiplegia but some 
residual motor skills [15,20]. 

In patients who still retain some motor function, the most plausible 
explanation for CNS changes are alterations in the activity of the afferent 
fibres of the muscle spindles caused by denervation of the intrafusal 
fibres [21]. This would provoke a modification of reciprocal inhibition 
in the spinal cord, resulting in an alteration in cortical excitability [22]. 
However, the same pathophysiological mechanism is more difficult to 
explain in patients with no residual traces of voluntary movement. This 
is what makes our results so interesting, as to our knowledge there are 
no analogous studies of a homogeneous group of patients with complete 
paralysis. Indeed, although Veverka et al. [23] recently reported similar 
results to ours, only half of their patients presented total plegia of the 
forearm muscles. Furthermore, their patients lacking distal motility 
were examined very early after the ischemic event (median 5 months, 
range 3-23 months). Despite this apparent bias, however, our findings 
do appear to confirm their report.

Brain plasticity is not always sufficient to bring about complete 
recovery, and maladaptive neuroplasticity has been documented in 
pathologies such as dystonia, phantom arm pain and allodynia [24,25]. 
It is also possible that these maladaptive phenomena are similarly 
implicated in the pain and spasticity experienced by some stroke 
victims. 

Following stroke, motor imagery may be a helpful gateway to 
motor system rehabilitation, conceivably at any stage in their recovery. 
The fMRI/finger-tapping test we proposed is easy to understand 
and perform, as demonstrated in our patient group, even by spastic 
hemiplegic patients, and enables the alterations in brain activation 
patterns and recovery of motor functions to be studied at a voxel level. 
Moreover, unlike passive and active rehabilitation therapy, imaginary 
movement does not rely on residual motor skills, but maintains a 
precise voluntary coordination led by the executive motor functions. 

Indeed, M1 activation through motor imagery tasks has previously 
been demonstrated in primates through intracellular recordings [26], 
and further evidence for the similarity between motor imagery and real 
movements comprise:

• The documented close temporal contiguity between imagining 
carrying out an action and actually performing it [27];

• The finding that even during imaginary movement, the accuracy 
of said movement diminishes as the speed of mental execution 

Patients
Time Area N Voxel Intensity
0 Br17 0 0
1 21 1,281
2  34 1,863
0 Br18 13 0,9
1 45 1,281
2  186 1,863
0 Br19 0 0
1 9 1,281
2  66 1,863
0 sma L 105 1,976
1 51 1,02
2  9 0,773
0 sma R 82 1,976
1 22 1,02
2  0 0
0 Br 6 223 1,976
1 45 1,0253
2  27 1,119
0 temp pole sup L 20 1,5341
1 0 0
2  0 0
0 Br22 19 1,09
1 10 0,766
2  0 0
0 front sup L 63 1,976
1 0 0
2  0 0
0 cerebell post lobe 27 0,662
1 0 0
2  0 0
0 cerebell crus1 L 15 0,78
1 0 0
2  0 0
0 cerebell crus1 R 29 0,9
1 0 0
2  0 0

Table 4: SPM analysis of fMRI cortical activations recorded in patient group at 
time-points T0, T1 and T2 by site, voxel number, peak intensity and anatomical 
functional correlation, 
Abbreviations: L=Left; R=Right; inf=inferior; supp=supplemental; Br=Broca Area
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increases (Fitts’ law) [28], and that the symmetry between dominant 
and subordinate hemisphere is maintained;  

• Motor imagery can induce changes in the autonomic nervous 
system, increasing respiratory and heart rates.

Hence motor imagery can be likened to motor execution rather 
than preparation for movement, making it susceptible to functional 
reorganization in patients with hemiparesis following stroke, and 
therefore of particular interest to researchers in the field. Indeed, the 
generation and conservation of kinaesthetic models is mainly the 
province of the parietal lobe [29], and parietal lobe damage can therefore 
prevent formulation of motor imagery; it is interesting to note that the 
one patient in our study with extensive parietal damage showed no 

corresponding cerebral activation during the motor imagery task. This 
has been noted in other studies [30], in which all but the patients with 
extensive parietal damage were able to complete motor imagery tasks 
and therefore provide useful fMRI data for analysis. 

In patients without this impairment, the following brain areas 
are activated during a motor imagery task: the supplementary motor 
area (SMA), the dorsolateral prefrontal cortex (DLPFC), the primary 
motor area (M1), the cingulate gyrus and the cerebellum [31]. This 
widespread activation suggests the involvement of a complex motor 
circuit that extends to areas dealing with visual representation and 
motor imagery. Studies comparing the sites activated during real and 
imagined movement show that these are similar, but the extension 
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is greater in the former [31]. Indeed some report that the M1 is not 
activated during imaginary movement, as it is the means by which 
the damaged system impedes actual movement [32]. The role of the 
M1 remains controversial, and it is crucial that further fMRI/motor 
imagery studies are performed to investigate patients’ motor function 
in greater depth.

Likewise, although other studies [15] have demonstrated that 
BoNT-A reduces the extension of activation and increases the 
lateralization of the sensorimotor network, we were only able 
to confirm the former finding. Indeed, though we did observe a 
progressive reduction in brain area activation between 4 and 8 weeks 
after the BoNT-A was injected (T1 and T2, respectively), no significant 
lateralization of sensorimotor activation was detected.

At T0, the general hyperactive state observed, also known as 
chaotic motor imagery, is linked to a reactive pattern of the damaged 
brain, a kind of maladaption caused by the increase in the excitability 
of pathological proprioceptive afferent fibres (1a fibre), a spasticity-
related phenomenon. This chaotic motor imagery pattern was evident 
in all our patients, and progressively diminished between T1 and T2. 
Indeed, according to Senkarova et al. [8], BoNT-A infiltration could 
modify the sensitive input to the CNS by peripheral neuromuscular 
blockade of the gamma motor neurons, which may lead to a reduction 
in the excitability of 1a fibres.

Although spontaneous functional recovery or that induced by 
rehabilitation therapy can have an influence, these mechanisms are 
most effective during the first three months after stroke [33], and 
therefore cannot wholly explain the modifications seen in our patients, 
who were all recruited after at least a year. We also observed that several 
areas of activation that appeared at 4 or 8 weeks from the BoNT-A 
treatment were the same as those activated during the motor imagery 
tasks in healthy volunteers. Group (level 2) analysis, confirming 
previous findings by Solodkin et al. [32], also showed how the chaotic 
activation pattern seen in the areas activated by motor imagery becomes 
progressively more defined (reduction in voxel numbers and intensity), 
with fewer areas being activated [34].

Recently, the fusiform gyrus, the cuneus, and the posterolateral 
cerebellum have been added to the list of sites typically associated 
with executive motor function [35], and may be involved in motor 
imagery [36]. It is possible that the extension and progressive intra 
individual increase in activation at the dentate nuclei and of the SMA 
may be implicated in the creation of a network with more connections 
and shorter communication channels, according to the definition of a 
“small-world network” [35].

To conclude, through fMRI we were able to confirm our initial 
hypothesis, namely that as well as exerting peripheral effects and 
therefore representing a useful physiotherapy tool, peripheral 
administration of the antispastic BoNT-A also affects the CNS, causing 
changes in cerebral activation. 

In fact it provokes the same effects on cortical and subcortical 
reorganization described after “recovery” through physiotherapy, i.e., 
a loss of the initial chaotic pattern of multiple random activations, and 
the progressive establishment, especially between T1 and T2, of an 
ordered activation network including cerebellar regions, and greater 
activation of the SMA, as well as a greater focalization (reduction) in 
such activation in terms of voxel numbers and intensity. 

The possible explanation of this phenomenon can be related to a 
central effect by reduction in the length/number/density/excitability of 

type 1a sensory nerve fibres, as previously said [6,7]; this phenomenon 
affects the pattern of cortical activation  after months, acting as a 
“trainer” in inducing progressively a better cortical reorganization.  
This is confirmed by our and also previous papers fMRI data.

In our sample this occurred in correspondence to the brain 
plasticity phenomena induced by the locoregional treatment, which was 
administered so long after the stroke that the influence of spontaneous 
recovery phenomena can be ruled out. As these modulation and brain 
plasticity changes were observed late after stroke, it would be interesting 
to study them in more depth.

Surely, this pilot study highlights the role of Motor Imagery as a 
potential interesting tool to study motor function and recovery plegic 
patients.

It would also be useful to repeat our investigation on a larger 
patient sample, as the small sample size and inclusion of left- and 
right-handed patients within it are its major limitations. That being 
said, other studies in the literature have been based on similar, or even 
smaller, samples [5,15,36], and, like us, other authors have made use of 
the image flipping technique to overcome the handedness issue in level 
2 analysis [5,36].
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