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Spasticity and motor recovery are both related to neural plasticity after stroke. A balance
of activity in the primary motor cortex (M1) in both hemispheres is essential for functional
recovery. In this study, we assessed the intracortical inhibitory and facilitatory circuits
in the contralesional M1 area in four patients with severe upper limb spasticity after
chronic stroke and treated with botulinum toxin-A (BoNT-A) injection and 12 weeks of
upper limb rehabilitation. There was little to no change in the level of spasticity post-
injection, and only one participant experienced a small improvement in arm function.
All reported improvements in quality of life. However, the levels of intracortical inhibition
and facilitation in the contralesional hemisphere were different at baseline for all four
participants, and there was no clear pattern in the response to the intervention.
Further investigation is needed to understand how BoNT-A injections affect inhibitory
and facilitatory circuits in the contralesional hemisphere, the severity of spasticity, and
functional improvement.

Keywords: stroke, primary motor cortex, contralesional, case studies, intracortical circuits, spastic,
botulinum A toxin

INTRODUCTION

Spasticity and weakness (spastic paresis) are the primary motor impairments after stroke and
impose significant challenges for treatment and patient care. Spasticity not only has downstream
effects on the patient’s quality of life but also places substantial burdens on the caregivers
and society (Zorowitz et al., 2013). Spasticity and motor recovery are both related to neural
plasticity after stroke. There is considerable variability in the onset of spasticity, which may occur
in the short-, medium- or long-term after stroke (Ward, 2012), and the relationship between
spasticity and motor recovery remains poorly understood by clinicians and researchers. There is
evidence to suggest that spasticity, as a post-stroke deficit, is associated with reorganization of
structures in the central nervous system in a way that is detrimental to stroke recovery (so-called
maladaptive plasticity) (Pascual-Leone et al., 2005). Facilitation and modulation of neural plasticity
through rehabilitative strategies, such as early intervention with repetitive goal-oriented intensive
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therapy, appropriate non-invasive brain stimulation,
and pharmacological agents, are the keys to promoting
motor recovery.

Cortical reorganization may occur in both hemispheres during
the acute stages after stroke, representing an adaptive process
that enables latent motor pathways to become active. Functional
MRI studies have shown that there is widespread brain activation
early after stroke, which reduces over subsequent months (Ward
et al., 2003; Grefkes and Fink, 2011). A balance of activity
in the primary motor cortex (M1) in both hemispheres is
essential for functional recovery. In the chronic stages after
stroke, there is an imbalance of hemispheric activity, with
several studies using transcranial magnetic stimulation (TMS)
showing that cortical excitability in the M1 of the contralesional
hemisphere increases (Liepert et al., 2000b; Shimizu et al.,
2002; Butefisch et al., 2003; Manganotti et al., 2008). The
degree of imbalance in excitability between hemispheres has
been reported to normalize over time in patients with good
upper limb recovery (Stinear et al., 2015), while those with
poor recovery and more extensive disruption of the ipsilesional
corticospinal tract maintain the increased activation in the
contralesional hemisphere (Rossini et al., 2003; Ward et al.,
2003). However, this is not always the case, as normalization
of intracortical inhibition has been reported in patients
with poor motor recovery (Liepert et al., 2000b), and the
contribution of the contralesional hemisphere may be different
in different subsets of patients and at different times post-
stroke (Buetefisch, 2015), with a distributed motor network
involving both hemispheres contributing to motor recovery
(Lotze et al., 2006).

In addition to the uncrossed corticospinal tract, the
descending pathways from the contralesional hemisphere to the
spinal cord (ipsilateral descending projections) comprise indirect
projections, via corticoreticulospinal or corticopropriospinal
projections (Ziemann et al., 1999; Alagona et al., 2001). Cortical
projections terminating on reticular neurons in the brainstem
give rise to the lateral (inhibitory) and medial (excitatory)
reticulospinal tracts which have a role in the control of
hand function. Following severe damage to the ipsilesional
corticospinal tract, the corticoreticulospinal pathway may
be the only means of residual control of the paretic upper
limb. However, persistent activation of the contralesional
hemisphere has been shown to induce excessive activation of
ipsilateral reticulospinal projections leading to clinical features
of spasticity, including stereotyped limb movement synergies (Li
and Francisco, 2015; McPherson et al., 2018) and poor motor
recovery (Serrien et al., 2004; Choudhury et al., 2019).

Botulinum toxin type A (BoNT-A) has become a major
therapeutic approach for the treatment of focal spasticity.
Injected into spastic muscles, it inhibits acetylcholine release
from pre-synaptic nerve terminals at the neuromuscular
junction, thus weakening the affected muscle (Curra et al., 2004).
Although it is generally believed that the clinical benefits of
BoNT-A depend primarily on peripheral mechanisms at the level
of the muscle, it is possible that such changes may lead to changes
in sensorimotor integration within the central nervous system,
at spinal cord, brain stem and cortical levels (Curra et al., 2004).

A number of studies have identified electrophysiological and
functional changes consistent with central nervous system
reorganization after intramuscular injection of BoNT-A for
movement disorders such as dystonia, in association with clinical
improvement (Byrnes et al., 1998; Gilio et al., 2000; Thickbroom
et al., 2003; Kojovic et al., 2011). In the case of post-stroke
spasticity, BoNT-A injections into spastic muscles led to a
reduction of spasticity and fMRI showed an associated reduction
in the active motor network and a lateralization of activity to the
ipsilesional side (Senkarova et al., 2010; Tomasova et al., 2013).
However, the functional changes were reversed once the effects of
the injections wore off after 11 weeks (Tomasova et al., 2013).

Paired-pulse TMS can be used to assess the function of
intracortical inhibitory and facilitatory circuits in M1 non-
invasively in humans (Kujirai et al., 1993; Ziemann et al.,
1995, 1996b; Auriat et al., 2015). In this method, a conditioned
TMS pulse that is subthreshold or suprathreshold for a motor
response activates intracortical circuits and reduces or increases
the size of the motor evoked potential (MEP) elicited by a
supra-threshold test TMS pulse delivered 3, 10, or 150 ms
later. Suppression of the MEP with inter-stimulus intervals
of 3 and 150 ms is due to the activation of inhibitory
intracortical interneurons and this is known as short interval
intracortical inhibition (SICI) and long interval intracortical
inhibition (LICI), respectively (Kujirai et al., 1993; Ziemann
et al., 1996a; Di Lazzaro et al., 2000, 2005, 2006; Fisher et al.,
2002; Ilic et al., 2002; Florian et al., 2008). SICI and LICI are
mediated by fast-acting ionotropic gamma-aminobutyric acid
A (GABAA) receptors (Kujirai et al., 1993; Ziemann et al.,
1996a,b) and slower-acting metabotropic (GABAB) receptors
(Chen et al., 1998; Siebner et al., 1998; McDonnell et al.,
2006), respectively. On the other hand, an increased size of
the MEP with inter-stimulus interval of 10 ms is due to
the effect of glutaminergic facilitation of corticomotoneuronal
(CM) cells (Kujirai et al., 1993; Ziemann et al., 1998; Dyke
et al., 2017). Assessing the function of these inhibitory and
facilitatory circuits is essential for understanding the neuroplastic
changes post-stroke and how these changes might explain
functional improvement as well as poor recovery. Previous
studies have shown increased intracortical excitability of the M1
area of the contralesional hemisphere in subacute and chronic
stroke patients (Liepert et al., 2000a; Shimizu et al., 2002;
Butefisch et al., 2003, 2008).

A study using paired pulse TMS to directly investigate changes
in cortical excitability in the contralesional hemisphere in chronic
stroke survivors showed central changes after BoNT-A injections
for upper limb spasticity (Huynh et al., 2013). There was a
reduction in SICI in the contralesional hemisphere at baseline
which normalized after BoNT-A injections in association with
clinical improvements in spasticity. In one patient followed up to
11 weeks post-injection, this effect reverted toward pre-injection
levels once the effects of the injection wore off.

The aim of this study was to assess the function of intracortical
circuits in the contralesional M1 in chronic stroke patients
with disabling upper limb spasticity who received peripheral
intramuscular injections of BoNT-A followed by a 12-week
upper-limb rehabilitation program.
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PARTICIPANTS

Four participants took part in this study. The criteria for inclusion
were unilateral stroke >2 years; age ≥ 18 years; severe unilateral
upper limb paresis with a score of 3 or less on the Upper
Arm Function and Hand Movements Subscales of the Motor
Assessment Scale (MAS); assessed by a rehabilitation physician
for potential to benefit from BoNT-A injection to the upper
limb for spasticity affecting motor control; no contraindications
to BoNT-A injections; able to communicate and understand
English; ability and willingness to participate in the study and
provide informed consent. We aimed to recruit patients with
significant motor dysfunction in the affected upper limb and
potentially had persistent changes in cortical reorganization in
the contralesional M1 area.

Exclusion criteria were treatment with BoNT-A within the
past 3 months; intrathecal baclofen or other anti-spasticity
medications; neurolysis or surgery to the affected limb;
hypersensitivity to BoNT-A; pregnant or breast feeding; unable to
participate in therapy due to cognitive or language impairment;
psychiatric or medical illness. Written informed consent was
obtained for participation in this study. The study was approved
by the Human Research Ethics Committee at Melbourne Health
(HREC no. 2018.172).

ASSESSMENTS

Assessment time points were baseline before BoNT-A injection,
6-weeks post-BoNT-A injection (W6) and 12 weeks post-BoNT-
A injection (W12) (Figure 1).

Clinical assessments were conducted by a rehabilitation
physician. Demographic characteristics (age, sex, marital status,
education level, employment), and disease-related information
(diagnosis, spasticity and other symptoms), medications and
co-morbidities were collected. The Functional Independence
Measure (FIM) was used to assess dependency (Gosman-
Hedstrom and Svensson, 2000), and the Euro-Quality of Life
(EQ-5D-5L) questionnaire was used to assess quality of life.

The Upper Arm Function and Hand Movements Subscales
of the Motor Assessment Scale (Poole and Whitney, 1988) were
used to characterize the severity of impairment of upper limb
function, and the Action Research Arm Test (ARAT) (Hsieh et al.,

FIGURE 1 | Overview of study design and assessments. MAS, Motor
Assessment Scale; ARAT, Action Research Arm Test; FIM, Functional
Independence Measure; EQ-5D-5L, Euro-Quality of Life; TMS, transcranial
magnetic stimulation.

1998) was used to assess functional changes over time. Spasticity
in the affected upper limb was evaluated before and after BoNT-
A injection using the Modified Ashworth scale (Li et al., 2014)
(0 = no increase in muscle tone to 4 = rigid flexion or extension).
A score of 1 + was assigned the value of 1.5.

All participants were screened at baseline using the TMS
Adult Safety Screen (Keel et al., 2001) to ensure there would be
no contraindications for TMS. Short- and long-interval cortical
inhibition (SICI and LICI) and intracortical facilitation (ICF)
were measured with paired-pulse TMS (Magstim Bistim2) at
baseline, W6, and W12. Participants were seated upright in a
comfortable chair with their hands and forearms supported on
a pillow. Paired-pulse TMS was delivered with two Magstim
200 stimulators (Magstim Company Limited, United Kingdom)
connected with a Bistim module (Magstim Company Limited,
United Kingdom). As a result, the pulses were delivered through
one figure of eight coil (70 mm). The coil was placed over the
contralesional M1 area with an angle of 45◦ to the midline and
tangential to the scalp. This coil orientation induces current
flow in a posterior to anterior direction in the M1 area.
The optimal site for evoking a MEP in the contralateral first
dorsal interosseous (FDI) muscle was marked as the “hot spot.”
Throughout each experiment, the position and orientation of the
coil were monitored regularly to ensure that the same area was
stimulated with each stimulus. Resting motor threshold (RMT)
for inducing MEP in the targeted FDI was measured in steps
of 2% maximum stimulator output, and defined as the lowest
intensity for inducing 3 out of 5 successive MEPs that exceed
50 µV peak-to-peak amplitude (Rossini et al., 1994).

The MEPs were recorded from FDI muscle on the unaffected
hand using pre-gelled self-adhesive bipolar Ag/AgCl disposable
surfaces electrodes (3 cm inter-electrode distance). To reduce the
skin resistance, skin under the electrodes was cleaned with an
alcohol swab and the electrodes were secured with non-allergenic
medical tape. The ground electrode was placed ipsilaterally on
the styloid process of the ulna. The FDI location was determined
based on anatomical landmarks (Perotto and Delagi, 2005)
and by observing the muscle contraction during index finger
abduction. Then, the EMG activity of the FDI was monitored
online during maximum contraction to confirm the accuracy of
the EMG electrode placement.

The raw EMG signals were filtered (10–500 Hz), amplified
(×1000) and sampled at 2000 Hz, and recorded by a laboratory
analog-digital interface (PowerLab 8/30, ADInstruments,
Australia). The unconditioned test TMS intensity was adjusted
to produce a test MEP in FDI at rest of about 1 mV amplitude.
Conditioning TMS intensity was adjusted to 0.8 × RMT for
each participant with inter-stimulus intervals (ISI) of 3, 10, or
150 ms. Single or paired-pulse TMS was delivered in blocks of
20 stimuli (10 s interval between stimuli) with each ISI. MEP
responses were quantified off-line from the digitized averages of
rectified MEPs. The peak-to-peak amplitude of MEP responses
and the area of the conditioned and unconditioned MEPs were
measured using a custom-designed macro in PowerLab 8/30
software. The size of the conditioned MEPs was expressed as a
percentage of the unconditioned test MEPs in order to quantify
SICI, LICI, and ICF.
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Clinical and electrophysiological assessments were performed
on patients within 3 days prior to BoNT-A injection and repeated
at W6 when the clinical effects were maximal, and again at
W12. BoNT-A was injected into the affected forearm flexor
muscles, including the flexor carpi radialis (FCR), flexor carpi
ulnaris (FCU), and flexor digitorum profundus (FDP), at a dose
determined by the treating physician, depending on the severity
of the spasticity.

Following BoNT-A injections, as per routine care, participants
were referred to an ambulatory rehabilitation program in
the ‘Hand Hub’ at a rehabilitation hospital. The Hand Hub
incorporates inexpensive devices, such as the AbleX and AbleM
(Im-Able Ltd., New Zealand), and the ReJoyce (Rehabtronics
Inc.), which provide a range of computer-controlled exercises,
catering for patients with varying levels of severity of arm and
hand impairment. Patients were asked to attend the Hand Hub
twice per week for 12 weeks.

RESULTS

Demographic, sociodemographic and clinical details of the
participants at baseline are shown in Table 1.

Three participants attended the Hand Hub twice per week for
12 weeks, as instructed; however, P3 was only able to attend once
per week for 12 weeks. There were no significant changes in the
participants’ FIM scores at any assessment time points, indicating
minimal functional improvement. Improvement in UL functions
in ARAT ‘Gross’ subscale was only noted for P1 at W6 which
was maintained till W12. Modified Ashworth Scale score changes
for different injected muscles varied amongst participants at both
W6 and W12 assessments (Please refer to Table 2 for detailed
scores). All participants reported improvement in their health
status in EQ-5D ‘overall health’ subscale at both W6 and W12
assessments (Table 2).

The TMS parameters used for each participant are presented
in Table 3. Figure 2 presents the changes in SICI, LICI and ICF
at three time points (baseline, W6 and W12) in each participant
(Figures 2A–D). Panel A shows the levels of SICI and LICI
and ICF for P1. As it can be seen, LICI level remained at the
similar level for this participant throughout the study (3.5–13%);
however, SICI was completely abolished at W6 (120%) and W12
(106%). On the other hand, ICF was higher at W6 (325%) and
W12 (278%). P2 did not show any ICF throughout the study
(73%–84%) (Panel B). This participant showed some level of SICI
(34%) and LICI (11%) at baseline with slight changes at W6 (SICI:
24%; LICI: 32%) and 12 (SICI: 35%; LICI: 18%). P3 showed some
level of SICI at baseline (50%) with slight changes at W6 (32%)
and 12 (67%). This participant also showed some level of ICF
at baseline (287%); however, it was completely abolished at W6
(98%) and then fully recovered at W12 (243%). This participant
showed some level of LICI at baseline (81%) with no change at
W6 (78%). However, it was completely abolished at W12 (100%).
The change in ICF for P4 was very similar to P3 (Baseline:
278%; W6: 101%; W12: 336%). However, this participant showed
some level of LICI at baseline (11%) which was reduced at W6
(56%) and W12 (53%). This participant also showed some level

of SICI at baseline (72%) and W6 (72%) which was completely
abolished at W12 (106%).

DISCUSSION

In this study, we assessed the intracortical inhibitory and
facilitatory circuits in the contralesional M1 area in patients
with chronic stroke after BoNT-A injection and completing
12 weeks of upper-limb rehabilitation. The level of SICI, LICI,
and ICF provided an indication of the function of these circuits
in contralesional M1 area. Four patients participated in this
study. Three can be considered as “old” adults (≥65 years) and
one as a young adult (P3, 36 years). The age-related changes
in the level of SICI, LICI, and ICF are not clear. It has been
shown that the level of SICI at rest does not change with age
(Oliviero et al., 2006; Smith et al., 2009); however, the level
of LICI is reduced (Opie and Semmler, 2014). Another study
showed increased SICI and LICI and less ICF in older adults
compared to young adults at rest (McGinley et al., 2010). One
possible reason behind the discrepancy among these reported
values could be the selected TMS parameters in each study (e.g.,
conditioning intensity). In the current study, we did not include
any age-matched neurologically intact participants; therefore,
we are not able to provide any comment on the possible
physiological age-related changes to SICI, LICI, or ICF levels
before stroke or the TMS used parameters in this study compared
to the previous studies. However, it is important to consider
the possible contribution of age-related changes in these circuits
prior to the stroke.

Similar discrepancies can also be seen in studies in the stroke
population. Some studies showed a reduction in SICI levels in
the contralesional hemisphere after stroke (Shimizu et al., 2002;
Butefisch et al., 2003) which normalized gradually over 4 months
post-stroke (Shimizu et al., 2002). However, another study
showed no changes in SICI level and an increase in ICF level in
contralesional hemisphere after stroke (Wittenberg et al., 2007).
In addition, Conforto et al. (2008) reported increased levels of
SICI in the contralesional hemisphere in chronic stroke patients
(Conforto et al., 2008). In the current study, the level of SICI
and LICI were similar at baseline for the older (P1, P2, and P4)
and young (P3) participants, despite differences in the type and
location of stroke. However, the ICF level was different at baseline
among these patients. P1 and P2 did not show any level of ICF at
baseline but similar levels of ICF were recorded in the other two
participants (P3 and P4) despite the difference in age. Edwards
et al. (2013) assessed changes in the onset thresholds for SICI and
ICF in stroke patients compared to age-matched healthy adults
in both ipsi- and contralesional hemisphere (Edwards et al., 2013)
and reported significant reductions in onset thresholds for SICI in
the contralesional hemisphere and significant reductions in onset
thresholds for ICF in the ipsilesional hemisphere in patients with
chronic stroke (Edwards et al., 2013). One possible reason that
ICF was not recorded for P1 and P2 could be because of changes
in the onset threshold for ICF in these patients and the possibility
that the stimulus intensity used in this study was insufficient
to activate the facilitatory networks in these patients. Further
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TABLE 1 | Demographic and clinical characteristics.

Variables Participant 1 Participant 2 Participant 3 Participant 4

Age (years) 65.4 69.3 36.5 69.6

Gender Male Female Female Male

Ethnicity Caucasian Caucasian Caucasian Caucasian

Marital status Married Married Divorced Single

Employment Unemployed Unemployed Unemployed Unemployed

Carer No Yes Yes No

Stroke type Hemorrhagic Ischemic Hemorrhagic Ischemic

Location Basal ganglia MCA Basal ganglia MCA

Disease duration (years) 6.9 8.9 17.3 3.1

Affected side Left Left Left Left

Hand dominance Right Right Right Left

Comorbidities HtN, DM Htn None Htn

Cognitive impairment No No No No

Sensory-perceptual deficit No Yes No No

Speech/communication issues No No No No

Pain No Mild Mild No

Fatigue Moderate Mild Mild Moderate

BoNT-A (Xeomin) total injected dose 200 units 300 units 200 units 400 units

UL muscle injected FDS, FCU, FCR FDS, FDP, FPL FDS, FDP, FCR FDS, FDP, FPL, biceps

DVT, deep vein thrombosis; BoNT-A, botulinum toxin-A; DM, diabetes mellitus; FDS, flexor digitorum superficialis; FCU, flexor carpi ulnaris; FCR, flexor carpi radialis; FDP,
flexor digitorum profundus; FPL, flexor pollicis longus; Htn, hypertension; PE, pulmonary embolism.

studies are needed to investigate this issue with larger numbers
of participants.

After BoNT-A injection and 12 weeks of rehabilitation, there
was little change in spasticity in the injected muscles. While the
MAS is very commonly used for the assessment of spasticity,
it lacks precision with respect to distinguishing between neural
and non-neural aspects of increased muscle tone (Pandyan et al.,
1999). Peripheral changes, such as muscle contracture, may
have confounded the measurement in our study participants
with chronic stroke, and use of the Tardieu Scale, which can
distinguish between dynamic and non-dynamic components of
increased muscle tone, may have been more appropriate (Patrick
and Ada, 2006). Changes in upper limb function following BoNT-
A injections were different for each participant, with only P1
showing improvement in gross motor function. Interestingly,
despite the lack of functional improvement, all participants
reported an improvement in quality of life, in contrast with other
studies which have reported moderate improvements in upper
limb function following botulinum toxin injections for spasticity
in stroke survivors (Foley et al., 2013), but no improvement
in quality of life (Caty et al., 2009; McCrory et al., 2009). The
lack of functional improvement may have resulted from the
relatively low intensity of upper limb rehabilitation provided
post-injection. Ideally, a higher intensity of rehabilitation could
potentially maximize the potential for functional change through
a window for enhanced brain plasticity occasioned by the BoNT-
A injections (Curra et al., 2004), although it has been noted
that BoNT-A injections may be of greater benefit in improving
passive upper limb functions (care of the affected limb) and
these would not be picked up by measures of active function
(Foley et al., 2013).

Each participant showed a different pattern of changes in the
levels of SICI, LICI, and ICF (Figure 2). Huynh et al. (2013)
reported that the decreased level of SICI in the contralesional
hemisphere in chronic stroke patients was normalized after
BoNT-A injection in spastic hand muscles and returned to pre-
injection levels when the effect of BoNT-A wore off (Huynh
et al., 2013). They suggested that the decreased level of SICI
is the possible mechanism for development of spasticity on the
affected side (Huynh et al., 2013). In the present study, none of
the participants showed a decrease in the level of SICI before
the BoNT-A injection. After injection, the level of SICI did not
change for two participants (P2 and P3) throughout the study;
however, it was completely abolished for P1 at W6 and W12,
and for P4 at W12.

One possible reason for these observations is the effect
of BoNT-A on activation thresholds for the intracortical
circuits. It has been suggested that BoNT-A might affect both
hemispheres by spreading through the blood–brain barrier or
via retrograde axonal transport through motor and propriospinal
pathways (Huynh et al., 2013). Both ipsilateral and contralateral
corticospinal tracts are involved in controlling upper limb
function post-stroke (Ziemann et al., 1999; Ward et al., 2003).
The participants in this study had a significant degree of spasticity
which did not decrease after a single BoNT-A injection, contrary
to the findings of other studies (Huynh et al., 2013; Tomasova
et al., 2013). This observation suggests that the BoNT-A dosage
in this study may not have been optimal. It has been shown
that in some cases, several injections are needed to significantly
decrease the severity of spasticity in the targeted muscles (Kaku
and Simpson, 2016). Therefore, it is possible that the dose of
BoNT-A used in this study may have been insufficient to have
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TABLE 2 | Total scores of measurement scales over time.

Scales Participant 1 Participant 2 Participant 3 Participant 4

B W6 W12 B W6 W12 B W6 W12 B W6 W12

ARAT

Grasp (0–18) 0 0 0 0 0 0 0 0 0 0 0 0

Grip (0–12) 0 0 0 0 0 0 0 0 0 0 0 0

Pinch (0–18) 0 0 0 0 0 0 0 0 0 0 0 0

Gross movement (0–9) 4 9 9 2 2 3 2 3 3 2 3 3

Total (0–57) 4 9 9 2 2 3 2 3 3 2 3 3

FIM Motor

Total (13–91) 74 75 75 63 63 63 74 79 78 74 79 79

Self-care (6.42) 31 31 31 27 27 27 30 32 33 32 35 35

Sphincter (2–14) 14 14 14 12 12 12 14 14 14 12 14 14

Locomotion (2–14) 11 12 12 7 7 7 9 12 12 12 12 12

Mobility (3-21) 18 18 18 17 17 17 21 21 19 18 18 18

FIM Cognition

Total (5–35) 33 33 33 30 30 30 30 30 30 35 35 35

Communication (2–14) 12 12 12 12 12 12 12 12 12 14 14 14

Psychosocial (1–7) 7 7 7 6 6 6 6 6 6 7 7 7

Cognition (2–14) 14 14 14 12 12 12 12 12 12 14 14 14

Motor Assessment Scale

Upper arm movement (0–6) 2 2 2 2 3 4 0 0 1 1 1 1

Hand movement (0–6) 1 2 2 1 2 2 0 0 1 1 1 1

Advanced hand activities (0–6) 1 1 1 0 0 0 0 0 0 0 0 0

Total (0–18) 4 5 5 3 5 6 0 0 2 2 2 2

Modified Ashworth Scale (0–4)

FCR 3 2 3 3 2 2

FCU 3 2 2

FDS 3 2 2 3 2 3 3 2 2 3 3 3

FDP 3 3 3 3 2 3 3 3 3

FPL 3 3 3 3 3 3

Biceps 2 + 1 +1

EQ-5D

Mobility (1–5) 2 2 1 3 1 1 2 3 3 1 1 1

Self-care (1–5) 2 2 2 3 3 3 2 1 1 1 1 1

Daily activity (1–5) 2 3 2 3 4 3 2 1 1 0 0 0

Pain/discomfort (1–5) 1 0 1 3 2 1 2 2 2 0 1 0

Anxiety/depression (1–5) 1 0 1 3 0 0 2 2 2 0 1 0

Overall health (0–100) 70 90 75 70 70 80 70 70 75 60 80 85

B, Baseline assessment; W6, week 6 assessment; W12, Week 12 assessment; ARAT, Action Research Arm Test; EQ-5D-5L: Euro-Quality of Life; FIM, Functional
Independence Measure; FDS, Flexor digitorum superficialis; FCU, flexor carpi ulnaris; FCR, flexor carpi radialis; FDP, flexor digitorum profundus; FPL, flexor
pollicis longus.

TABLE 3 | TMS parameters used for each patient in each session.

Participant Resting motor threshold Conditioning intensity Test intensity

(RMT, % Magstim output) (RMT × 0.8) (% Magstim output to produce 1 mV MEPs)

Session 1 Session 2 Session 3 Session 1 Session 2 Session 3 Session 1 Session 2 Session 3

P1 50% 39% 50% 40% 31% 40% 62% 63% 59%

P2 58% 58% 53% 46% 46% 42% 70% 70% 70%

P3 63% 61% 51% 50% 49% 41% 69% 66% 60%

P4 61% 48% 50% 49% 38% 40% 70% 58% 60%
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FIGURE 2 | Changes of SICI, LICI, and ICF in unaffected M1 areas in each participant with chronic stroke after BoNT-A injection and 6 weeks upper-limb
rehabilitation program. Panel (A) shows participant 1 data. Panel (B) shows participant 2 data. Panel (C) shows participant 3 data. Panel (D) shows participant 4
data. SICI, short-interval intracortical inhibition; LICI, long-interval intracortical inhibition; ICF, intracortical facilitation; MEP, motor-evoked potential; W, week.

a direct effect on the activation threshold of the intracortical
circuits. Future studies could consider increasing the follow up
period to 6–12 months, which might include multiple treatments
with BoNT-A in order to properly evaluate the effect of BoNT-A
on intracortical circuits in contralesional M1 area. Participants
in this study also showed very poor recovery of upper limb
function, which suggests the persistent involvement of ipsilateral
descending tracts in upper limb function in these patients (Jang,
2007). Therefore, it may require further doses of BoNT-A and
a more intensive period of rehabilitation to alter the sensory
stimuli from the spastic muscles and change the reorganization
of the motor areas in both hemispheres and in turn affect the
activation threshold for intracortical inhibitory circuits in M1
areas on both sides.

In paired-pulse TMS technique, the intensity of the
conditioning stimulus is determined based on the MEP
threshold, which is the lowest intensity that can produce
MEPs ≥ 50 µV peak-to-peak amplitude at rest (Rossini et al.,
1994, 2015). The relationship between this intensity and the
level of inhibition (SICI) is a U-shaped curve (Chen et al.,
1998; Ilic et al., 2002). Kujirai et al. (1993) showed that the
inhibitory effect becomes evident with a low conditioning
intensity around 60% of RMT and ISI of 3 ms, reaches the
maximum level with 80% of RMT, and is reversed with a higher
conditioning intensity. They proposed that the decreased level
of inhibition with higher conditioning intensity is probably
due to the recruitment of facilitatory circuits (Kujirai et al.,
1993; Peurala et al., 2008). It has been shown that facilitatory
circuits have a higher threshold compared to inhibitory circuits

(Davey et al., 1994; Ziemann et al., 1996b; Awiszus et al.,
1999; Ilic et al., 2002) and are evident only if the conditioning
intensity is ≥0.8 × RMT (Ilic et al., 2002). In this study, the
conditioning intensity was 80% of RMT and the ISI was 3 ms.
Use of these parameters in P2 and P3 could still demonstrate
a significant level of SICI at all three assessment points, and
BoNT-A injection and upper limb exercises did not change the
threshold of the intracortical circuits in the contralesional M1
area in these patients. However, the same parameters significantly
affected the threshold of these intracortical interneurons in P1,
such that 80% of RMT was strong enough to stimulate the
facilitatory circuits and completely overcome the inhibitory
effect on CM cells.

We were not able to assess whether these observations
reflected the changes in the level of spasticity or functional
improvement in patients. FIM has well-known floor and ceiling
effects, which were evident in this study which showed minimal
improvement in FIM scores. Further, we did not assess the direct
effects of the BONT-A for any of the secondary outcomes. This
was beyond the aim of this study. Understanding how inhibitory
and facilitatory circuits in the contralesional hemisphere are
affected by BoNT-A injections, the severity of spasticity, and
functional improvement warrants further investigation.

CONCLUSION

Despite similar clinical presentations, the four participants in
this study showed a mixed pattern of levels of intracortical
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inhibition and excitation in the contralesional M1 at baseline
and responses to BoNT-A injections and follow-up rehabilitation.
This demonstrates variability in the type and degree of cortical
reorganization associated with severe spasticity and its treatment
after stroke, and further research is necessary to clarify this issue.

Future research should therefore consider the following issues
in the study design: including a larger number of participants;
including age-matched neurologically intact adults; optimizing
the BoNT-A dosage for participants, increasing the follow-up
duration to 6 or 12 months; assessing spinal excitability as well
as cortical excitability to be able to comment on the level of
contributions at both spinal and cortical levels.
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