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Abstract

Objective: Outcome differences between selective abobotulinumtoxin type A (aboBoNT/A)
injections into the soleus (SOL) and gastrocnemius (GAS) muscles were investigated in post-
stroke patients with spastic foot drop.

Methods: A monocentric observational study was conducted at a university hospital botulinum
toxin clinic including 24 free-walking adult, botulinum toxin-naive patients with post-stroke hemi-
plegia. AboBoNT/A (800 MU in 4 mL saline) was injected into the SOL or GAS muscle under
electromyographic guidance. After 30 days post-injection, the effect of aboBoNT/A injection was
assessed by patients. The treating physician scored spasticity and measured angles at the knee and
ankle joint and gait speed.

Results: After 30 days, significant improvements of subjective and objective outcome measures
were observed. No significant difference was observed in the modified Ashworth scale, gait
speed, ankle and knee angles, or their angle combinations between the SOL and GAS groups.
Tendencies toward greater active range of motion (RoM) improvement in the SOL group and
passive RoM improvement in the GAS group were observed. The difference between active and
passive ankle extensions plus knee flexions was significantly larger in the SOL group.
Conclusions: Selective 800 MU aboBoNT/A injections into the SOL or GAS muscle were
effective but without relevant clinical difference.

Corresponding author:

'Department of Neurology, University of Diisseldorf, Harald Hefter; Department of Neurology, University of
Disseldorf, Germany Diisseldorf, Moorenstrasse 5 D-40225 Disseldorf,
2Department of Neurology, SRH Health Center, Bad Germany.

Wimpfen, Germany Email: harald.hefter@med.uni-duesseldorf.de

Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative

G Commons Attribution-NonCommercial 4.0 License (https://creativecommons.org/licenses/by-nc/4.0/) which permits
non-commercial use, reproduction and distribution of the work without further permission provided the original work is attributed
as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://orcid.org/0000-0003-1069-7684
mailto:harald.hefter@med.uni-duesseldorf.de
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0300060521998208
journals.sagepub.com/home/imr

Journal of International Medical Research

Keywords

Spastic foot drop, soleus muscle, gastrocnemius muscle, abobotulinumtoxin type A, active and
passive range of motion, muscle fiber decomposition

Date received: 26 January 2021; accepted: | February 2021

Introduction

Stroke affects approximately 150 to 200 per
100,000 people per year.! A large proportion
of patients who survive stroke remain severe-
ly handicapped because of upper motor
neuron syndrome and associated complica-
tions or symptoms.>* Approximately 19%
to 43% of stroke survivors will develop rele-
vant spasticity in the affected limb.>”’

Treatment of spasticity includes oral
anti-spastic medication, phenol injections,
surgical interventions, and physiotherapy
or a combination of these therapies. In
addition to these well-established therapies,
intramuscular injections of botulinum
toxin (BoNT) are effective in the treatment
of spasticity.®’ Following evidence-based eval-
uations, the Therapeutics and Technology
Assessment Committee of the American
Academy of Neurology'® and the Royal
College of Physicians'' concluded that botuli-
num toxin type A (BoNT/A) is an effective
treatment (level A recommendation) of spas-
ticity in adults. Such recommendations were
based on evidence that BoNT/A can reduce
muscle tone and improve passive function.

In post-stroke patients, the development
of spastic foot drop months after the stroke
is severely disabling. Because spastic foot
drop leads to a reduction of the foot contact
area, it is accompanied by the risk of losing
balance, which increases the risk of ankle
joint injury and accidental falls.'?

Tibial (selective fascicular) neurotomy
has successfully been used to reduce spas-
ticity around the ankle joint since
1912.131* Subsequently, a new “soleus
neurotomy” technique using etidocaine

blocks prior to neurotomy was devel-
oped.'>'® A clinical study of etidocaine
blocks demonstrated “that spasticity of
the soleus muscle was exclusively respon-
sible for the spastic equinus of the ankle in
75% of the cases, whereas the gastrocne-
mius muscle was predominantly involved
in only 12.5% of the cases™.'® Despite
effective reduction of spasticity of the
ankle joint,'* neurotomy has rarely been
performed after the introduction of
locally-acting treatments such as phenol
blocks'”'® and BoNT injections.'’

Currently, selective BoNT/A injections
either into the soleus (SOL) or gastrocnemi-
us (GAS) muscle of patients with lower
leg spasticity have not been compared.
Therefore, it is unknown whether the domi-
nant role of SOL function in adult lower
limb spasticity, found during neurotomy,
can also be observed after BoNT/A treat-
ment of spastic foot drop. Furthermore, it
is unclear whether the superiority of SOL
treatment over GAS treatment observed
after neurotomy can be replicated in BoNT
therapy using semiquantitative scores of
spasticity or functional outcome measures
such as angle measurements or gait speed.

To compare selective SOL and GAS
injections of BoONT/A in the present study,
800 MU of abobotulinumtoxin type A
(aboBoNT/A, Dysport®; Ipsen Biopharm
Limited, Wrexham, UK) was injected
either into the SOL or GAS muscle under
electromyography (EMG) guidance in 24
BoNT-naive post-stroke patients with spas-
tic foot drop, and the results were observed
over an entire treatment cycle.
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Methods

Study design and sampling

The present study was approved by the
local Ethics Committee of the University
of Diisseldorf (Approval number: 4085).
Twenty-four adult patients who were free-
walking and BoNT treatment-naive, were
referred to the BoNT clinic of the university
hospital for the treatment of chronic hemi-
plegia after stroke, and who gave verbal
informed consent were consecutively
recruited (see Table 1). The 12 patients
with odd recruitment numbers (1, 3,...,
23) received injections in the GAS muscle
(GAS group), and the 12 patients with even
recruitment numbers (2, 4,..., 24) received
injections in the SOL muscle (SOL group).
The detailed inclusion criteria for the par-
ticipants are as follows: (i) age >18 years;
(i1) time since stroke >6 months; (iii) clini-
cal evidence of the absence of orthopedic or

neurological deficits interfering with walk-
ing other than stroke; (iv) no clinical
indications of brainstem, cerebellar, or ipsi-
lateral hemispheric lesions; (v) ability to
walk without aid for 1 minute without
pauses; (vi) no previous BoNT injection;
(vii) patients without legal guardians for
decision making or impaired judgment.
Clinical data of the two patient groups are
presented in Table 2.

Procedure

Baseline investigation. At the baseline visit,
patients underwent a detailed clinical neu-
rological examination, detailed angle mea-
surement, scoring of the muscle tone at the
ankle joint using the modified Ashworth
scale (MAS; for data analysis, a value of
1.5 was assigned for a MAS score of 1+),
and gait speed testing. Then, the aboBoNT/
A injections were performed.

Table I. Demographic data of the entire cohort of 24 patients.

Age mean: 54.25 £ 12.93 years

range: 22—77 years

Duration since stroke
Sex 16 males
Hemorrhage/infarct 16 infarcts

mean: 42.42 + 39.39 months

range: 6—148 months
8 females
8 hemorrhages

Table 2. Demographic and baseline data.

Parameter: mean/S.D.

GAS group mean/S.D.

SOL group mean/S.D. Significance level

N= 12

Age at inclusion 55.4/12.9 years
Range: 35-77 years
Female/male ratio 3/9
Hemorrhage/infarct ratio 517

Duration since stroke mean/S.D. 36.1/26.6 months
Range: 7—-108 months
MAS 2.9/0.57

WD (m) 19/13.8

Gait speed (m/s) 0.32/0.23

12 n.s.
53.1/13.5 years n.s.
22-69 years

5/7 n.s.
3/9 n.s
48.8/49.5 months n.s.
6—148 months

3.0/0.51 n.s.
16/10.1 n.s.
0.27/0.17 n.s.

Mean, mean value; S.D., standard deviation; GAS group, patients with injections into the gastrocnemius muscle; SOL group,
patients with injections into the soleus muscle; WD (m), walking distance during | minute; MAS, modified Ashworth scale.
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For angular measurements of the ankle
and knee joint, the patients were analyzed
in a sitting position with the upper legs sup-
ported and the lower legs hanging passively.
Starting from this position, the passive
range of movement was analyzed by testing
how far the foot or lower leg could be
moved by the investigator in a selected
direction. Passive extensions (ext) and flex-
ions (flex) were determined at the ankle (A)
and knee joint (K) (Aext-passive range of
motion (pRoM), Aflex-pRoM, Kext-
pRoM, and Kflex-pRoM). The active
range of motion (aRoM) was analyzed in
the same manner by instructing the patient
to perform a movement with their foot or
lower leg in a selected direction (Aext-
aRoM, Aflex-aRoM, Kext-aRoM, and
Kflex-aRoM). The active and passive
ranges in the inversion (inv) and eversion
(ev) directions were measured at the ankle
joint (Ainv-pRoM, Aev-pRoM, Ainv-
aRoM, and Aev-aRoM). Hip flexion and
extension were suppressed, but ankle move-
ments were allowed when knee movements
were tested.

The following angle combinations were
analyzed to evaluate the clinical response
to aboBoNT/A injections: Ainv-pRoM+

Aev-pRoM=AIEV-pRoM; Ainv-aRoM-+
Aev-aRoM=AIEV-aRoM; Aext-pRoM-+
Aflex-pRoM=AFE-pRoM; Aext-aRoM-+
Aflex-aRoM=AFE-aRoM; Kext-pRoM+
Kflex-pRoM=K-pRoM; Kext-aRoM+

Kflex-aRoM= K-aRoM; K-aRoM+AFE-
aRoM=K+A-aRoM; K-pRoM+AFE-
pRoM=K+A-pRoM (see Table 3).

For further analysis, the following phys-
iological angle combinations were also
determined: Aext- aRoM-+Kflex-aRoM
and Aext-pRoM+Kflex-pRoM.

After the angle measurements, patients
were asked to walk without a cane or
wheeled walker for 1 minute straight for-
ward at their preferred walking speed. The
walking distance in meters during 60s
(WD) was measured to determine the gait
speed (m/s).

Injection site and administration. All 24 patients
received 800 MU aboBoNT/A (Dysport®),
which was diluted in 4 mL of saline. The
total dose was distributed to four injection

Table 3. Active and passive range of motion before and 30 days after the first abobotulinumtoxin type A

injection.

Parameter: mean/S.D. day 0 S.D. day 30 S.D. Significance, p<
PGA 0 0 .13 0.68 0.05
WD (m) 17.5 12 19.1 12.5 0.036
gait speed (m/s) 0.29 0.12 0.32 0.13 0.036
MAS 2.95 .54 2.89 .53 n.s.
K-aRoM 75 35 96 33 0.001
K-pRoM 123 15 136 I5 0.001
AFE-aRoM 21 20 25 21 0.16 n.s.
AFE-pRoM 39 17 49 16 0.01
AlEV-aRoM 27 26 44 25 0.001
AIEV-pRoM 69 20 94 10 0.001
K+A-aRoM 96 48 121 46 0.001
K+A-pRoM 161 24 185 20 0.001

Mean, mean value; S.D., standard deviation; PGA, patient global assessment; WD (m), walking distance during | minute;
MAS, modified Ashworth scale; K, knee joint; A, ankle joint; a, active; p, passive; RoM, range of motion; AFE, ankle joint
flexion/extension direction; AIEV, ankle joint inversion/eversion direction; K+A, knee joint+-ankle joint (flexion/extension

direction); n.s., not significant.
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sites with a dose of 200 MU/mL per site. In
the GAS group, upper and lower sites were
chosen at the lateral and medial belly of the
GAS (Figure 1; filled circles). In the SOL
group, two upper injection sites were
chosen at the upper edge of the lateral
and medial belly of the GAS muscle. Two
additional sites (Figure 1; filled squares)
were chosen at the lower edge of the belly
of the GAS muscle.

Injections were administered into the
referred sites under EMG guidance. Teflon-
coated 27-G  4-cm needles (Neuroline
Inoject®; Ambu A/S, Baltorpbakken 13;
DK-2750 Ballerup, Denmark) were used for
EMG recording and aboBoNT/A injections.
The depth of injection into the GAS muscle
was approximately 1 cm. The SOL muscle
injections were applied by inserting the
needle much deeper than in the GAS injec-
tions. The discharge rates of the motor units
in the GAS were higher (>8 Hz) than those

of the SOL motor units ( < 8 Hz). Injections
into the SOL muscle were only performed
when characteristic slow motor unit dis-
charges could be recorded.

Temporal course of the study and
assessment of the clinical effect
of BoNT/A injections

The effect of the first aboBoNT/A injection
was assessed at 30, 60, and 90 days after the
baseline visit. At each of these control visits,
the patients rated the clinical effect of the
injections using a seven-point patient global
assessment (PGA) Likert scale (—3 = much
worse, —2 =worse; —1 =slightly worse; 0 =
unchanged; 1=slightly better; 2= better;
3 =much better).

MAS scoring, angle measurements, and
measurement of walking speed were per-
formed at each control visit and clinical
investigation.

Figure |. The four injection sites for the selective soleus injections are indicated by squares; the four
injection sites for the selective gastrocnemius injections are indicated by filled circles.
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Statistical analysis

The primary (objective) outcome measure
of the study was gait speed, and the second-
ary (subjective) outcome measure was the
PGA score. MAS scores and angle meas-
urements were chosen as further outcome
measures.

Two-group repeated measures analysis of
variance (RM ANOVA) was performed to
analyze the efficacy of the first aboBoNT/A
injection at 30, 60, and 90 days and to deter-
mine whether a group effect existed (SOL
versus GAS group) for gait speed, PGA
score, MAS score, and angle measurements
and whether particular interactions of active
and passive angle measurements with the
group effect were present. The angle combi-
nation Aext+Kflex was analyzed using a
seccond RM ANOVA (Table 4). The
Mann-Whitney U-test was used to compare
the differences in ((Aext+Kflex)-aRoM)—
((Aext+Kflex)-pRoM) between the SOL
and GAS groups. A non-parametric
Spearman rank-correlation analysis was

performed among the outcome measures.
ANOVA, rank-correlation analysis, and
the Mann—Whitney U-test are part of the
commercially available SPSS® statistical
software package (version 25, IBM Corp.,
Armonk, NY, USA)

Results

Functional improvement after the first
treatment of spastic foot drop with 800
MU aboBoNT/A

All 24 patients in the present study received
aboBoNT/A for the first time. RM
ANOVA was performed to detect signifi-
cant differences from the baseline values.
The mean gait speed (walking distance
divided by 605s), as the primary outcome,
was significantly (p=0.036) improved by
1.63 m/minute (0.027 m/s; Figure 2a and
b). Correspondingly, patients” assessments
of the efficacy of the first BONT/A injection
showed a significant (p < 0.05) increase of

Table 4. Changes between baseline visit and the control visit at day 30.

Parameter GAS group mean/S.D. SOL group mean/S.D. Significance level
PGA 1.08/0.67 1.17/0.72 n.s.
MAS —0.04/0.1 —0.08/0.1 n.s.
WD (m) 1.88/2.74 1.375/3.4 n.s.
range: —1| to+8.0 (m) —4 to +7.3 (m)

K-pRoM 13.3/17.7 10.3/11.1 n.s.
K-aRoM 13.8/15.5 21.2/28.1 n.s.
AFE-pRoM 31/28.4 20.8/15.3 n.s.
AFE-aRoM 9.8/13.6 11.5/13.3 n.s.
Aext+Kflex-pRoM 25.3/16.7 15.8/9.6 n.s.
Aext+Kflex-aRoM 18.6/19.6 27.3/24.7 n.s.
Aext+Kflex—(aRoM-pRoM) —6.75/20.9 11.5121.7 0.035

Mean, mean value; S.D. , standard deviation; GAS group, patients injected in the gastrocnemius muscle; SOL group,
patients injected in the soleus muscle; PGA, patient global assessment; MAS, modified Ashworth Scale; WD (m) , walking
distance (m) during | minute; n.s. , not significant; K-pRoM, knee passive range of motion in the flexion/extension
direction; K-aRoM, knee active range of motion in the flexion/extension direction; AFE-pRoM, ankle passive range of
motion in the flexion/extension direction; AFE-aRoM, ankle active range of motion in the flexion/extension direction;
Aext+Kflex-pRoM, ankle extension-+knee flexion passive range of motion; Aext+Kflex-aRoM, ankle extension-+knee
flexion active range of motion; Aext+Kflex—(aRoM-pRoM) , ankle extension+knee flexion active range of motion—passive

range of motion.
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1.125 points in the mean score (standard
deviation: 0.68). None of the patients
reported a worsening of their spasticity or
gait. Only four patients reported no change
(score=0) at 30 days after injection, 13
patients reported a mild improvement
(score=1), and 7 patients reported a good
improvement (score = 2). The MAS was not
significantly different. With the exception
of the aRoM at the ankle joint, all angle
measurements (presented in Table 3)
showed significant improvement.

RM ANOVA revealed a significant
change of gait speed (WD/minute) over
time. Gait speed further increased during
the next 60 days (Figure 2a and b), but
the increase between days 30 and 90 was
not statistically significant. Between day
30 and day 90 a mild but not significant
decline of the PGA score, MAS score, and
all angle measurements could be observed,
but none of these parameters declined to
baseline levels. None of the demographic
parameters (Table 1: age, sex, duration
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RM ANOVA did not detect a significant
interaction between group and time.

A non-parametric correlation analysis
(details not presented) among the outcome
measures revealed a highly significant cor-
relation between the angle combination
K+A-aRoM and the PGA score in the
entire cohort (p <0.001).

Comparison of SOL and GAS injections

At the baseline visit, no significant differ-
ence in the demographic data and the out-
come measures in Table 1 and 2 was found
between the SOL and GAS group.

RM ANOVA did not detect a group
effect in comparisons of the SOL and
GAS groups in the gait speed, PGA score,
MAS score, or any of the standard angle
measurements (AFE-pRoM, AFE-aRoM,
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Figure 2. a: Walking distance during a |-minute walk for all patients at the baseline investigation (day 0;
filled squares), day 30 (open squares), day 60 (open squares), and day 90 (filled squares). b: Comparison of
the change from baseline gait speed (of the entire patient cohort, n=24; filled triangles), soleus group (n=12,
open squares), and gastrocnemius group (n=12, open circles). The increase in gait speed from day 0 to day
30 was significant in all three patient groups. The gait speed further increased during the next 60 days, but
compared with day 30, this further increase was not significant.
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K-pRoM, K-aRoM, K+A-pRoM, and
K+A-aRoM; see Table 4). SOL injections
tended to be associated with an improve-
ment of the aRoM, and GAS injections
tended to be associated with an improve-
ment of the pPRoM. However, no significant
difference could be found (Table 4).

These results demonstrated that no sig-
nificant differences could be detected
between selective BoNT/A injections into
the SOL and GAS muscles.

Determination of angle combinations
favoring SOL injections

Interestingly, an  improvement  was
observed in angles for which the most rele-
vant muscles had not been injected (includ-
ing the K-aRoM in the SOL group and
AIEV-aRoM and AIEV-pRoM, which are
mainly associated with the peroneus longus
and tibialis posterior muscles; Table 3).

60 -

50

40 -

30 +

20 -

This finding indicated that BoNT/A injec-
tions of spastic lower leg muscles may influ-
ence functional units rather than single
muscles or single angles (for details, see
the Discussion). We therefore analyzed the
Aext+Kflex combination, which is physiolog-
ically relevant during step initiation. In a
second RM ANOVA, this combination was
found to be highly significantly (p < 0.0001)
improved over the entire treatment cycle
(Figure 3). All patients showed an improve-
ment at day 30, and this parameter returned
to baseline values in only three to four
patients after 60 days (Figure 3). The differ-
ence in Aext-+Kflex-aRoM from baseline was
larger in the SOL group than in the GAS
group, whereas the difference in Aext+
Kflex-pRoM from baseline was larger in the
GAS group than in the SOL group (see
the last 3 rows in Table 4 and Figure 4a).
The difference in ((Aext+Kflex-aRoM)—
((Aext+Kflex)-pRoM)  was  significantly

N
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Figure 3. The sum of active ankle extension and active knee flexion was highly significantly (p < 0.0001)
improved in all 24 patients on day 30 (open squares). During the next 60 days, this angle combination
decreased to or below the baseline value in only four patients (filled squares).
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(Mann—Whitney U-test; p < 0.05) larger in
the SOL group than in the GAS group
(Figure 4b).

Discussion

Comparison of SOL and GAS muscle
fibers and motor unit firing rates

Animal experiments comparing the efficacy
of BoNT/A injections into the SOL and
GAS muscles do not support the superiority
of SOL injections over GAS injections. The
atrophy induced by BoNT injection into the
mouse GAS muscle was more pronounced
than that induced by SOL injection, where-
as recovery occurred earlier after SOL injec-
tions than after GAS injections."

In humans, both muscles are different at
the macroscopic and microscopic levels.
The GAS muscle acts across the ankle and
knee joint and consists to a large extent of
fast-contracting fibers (type II fibers).?*!
Motor units innervating fast-contracting
fibers have high discharge rates (8-15Hz)*
and high turnover at the motor endplate,
which leads to enhanced uptake of
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BONT.* Therefore, an effective response
can be expected when BoNT/A is injected
into the GAS muscle. However, the SOL
muscle acts only across the ankle joint and
mainly consists of slow-contracting fibers
(up to 70% type I fibers)*™?" with low dis-
charge rates (3—5 Hz).** Thus, animal experi-
ments and  human  muscle fiber
decomposition and motor unit firing pat-
terns suggest that BoNT uptake after injec-
tion into the SOL muscle is less effective
than after GAS muscle injection.
Moreover, BoNT diffuses around the
injection site with at least a 1-cm radius®
and spreads out along the fibers. Therefore
BoNT/A injections cannot be applied as
selectively as selective denervation com-
bined with specific nerve stimulation.

Functional improvement in the entire
cohort dfter the first treatment of spastic
foot drop with 800 MU aboBoNT/A

Gait speed, as an objective functional out-
come measure, and patients’ subjective
assessment of the effect of the first BONT/
A injection both revealed a significant
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Figure 4. a: Comparison of the active ankle extension plus knee flexion (upward direction; hatched bars)
and the passive ankle extension plus knee flexion (downward direction; open bars) in the soleus (SOL) and
gastrocnemius (GAS) groups. b: The difference between active ankle extension plus knee flexion minus the
passive ankle extension plus knee flexion was significantly larger in the SOL group (open circles) than in the

GAS group (open triangles).
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improvement after 30 days (Table 3). This
result is consistent with a larger study on
234 patients®® who were treated with 500,
1000, or 1500 MU aboBoNT/A, which
also showed a significant change in gait
speed over 12 weeks after the injection.
However, in another study on 23 adult
post-stroke patients, no significant change
in gait speed after a single injection of 1000
MU aboBoNT/A could be observed.'” In
the present study gait speed significantly
(p=0.036) changed from the baseline visit
to day 30 by approximately 0.027m/s,
although this value was well below 0.04 m/s
(corresponding to 2.4 m/minute; see hatched
line in Figure 4), which has been reported to
be a critical value for a relevant improve-
ment of gait speed in BoNT/A treatment
of lower leg spasticity.>” In addition to gait
speed, the PGA score also significantly
improved after the first BONT/A injection.
With the exception of the aRoM at the ankle
joint, all standard angle measurements also
significantly increased (Table 3).

In the present study, spastic foot drop
was the focus of patient spasticity.
Correspondingly, the MAS value was
high, with a mean close to 3. The MAS
value did not change significantly after the
first injection of 800 MU aboBoNT/A. In a
recent study on improvement of body
sway by BoNT injections in post-stroke
patients, the MAS score improved after
300 U of onaBoNT/A (Allergan®, Allergan
Pharmaceuticals, Ireland) was injected,”
corresponding to 750 to 900U of
aboBoNT/A, depending on a conversion
ratio of 2.5 to 3 between ona- and
aboBoNT/A. In a previous study, the
MAS score significantly decreased after
injection of 1000 MU of aboBoNT/A into
the calf muscles.'”> Compared with this
study, the duration since stroke was longer
in the present cohort, which may offer a pos-
sible explanation for the lack of effect on
muscle tone, together with the fact that a
relatively low dose of aboBoNT/A was used.

Comparison of the efficacy of selective
SOL and GAS aboBoNT/A injections

Based on the result demonstrated by appli-
cation of etidocaine blocks,'® i.e., “that
spasticity of the soleus muscle was exclu-
sively responsible for the spastic equinus
of the ankle in 75% of the cases, whereas
the gastrocnemius muscle was predomi-
nantly involved in only 12.5% of the
cases,” it could be expected that the clinical
effect of selective BONT/A injections in the
SOL would be superior to selective GAS
injections (see the Introduction). However,
this superiority of SOL injections could not
be confirmed. RM ANOVA did not reveal
a significant between-group effect for any
objective or subjective outcome measures
(WD, PGA score, MAS scores, various
angle measurements) (Table 4).

The present study is more in agreement
with the analysis of human muscle fiber
decomposition,?®*! analysis of motor unit
firing rates in rats,”>** and comparison of
selective BONT injections into the SOL or
GAS muscles of mice'” than with the results
of selective nerve blocks.'® Even the mild
decline of gait speed between day 60 and
day 90 in the SOL group (squares in
Figure 2b), which was not observed in the
GAS group (circles in Figure 2b), is com-
patible with the observation of an earlier
recovery of the SOL muscle than the GAS
muscle after BONT/A injections in mice."”

This finding does not imply that, in
clinical practice, no differences can be detected
between SOL and GAS injections. Although
not statistically significant, a consistently
greater improvement of the aRoM in the
SOL group and a greater improvement of
the pRoM in the GAS group were observed
(Table 4). Because patient assessment of the
first BoNT/A injection was significantly
(p<0.001) correlated with the (K+A)-
aRoM, this fits the tendency (p=0.16) of a
higher PGA score in the SOL group after 30
days than in the GAS group.
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Determination of further sensitive
outcome measures in the treatment
of lower leg spasticity

We therefore aimed to determine further
parameters that may be more sensitive to
monitor the efficacy of BoNT/A injections
of lower leg spasticity than single joint
angles and their combinations and possibly
reveal differences between selective SOL
and GAS treatment.

“The gastrocnemius muscle contributes to
total force production relatively less than the
soleus muscle during continuous voluntary
plantar flexion at 40% of the maximum vol-
untary contraction”.?® This is the force range
used during walking. Furthermore, the func-
tions of the SOL and GAS muscles seem to
be different during the control of standing,*
walking, and running.’' Di Guilio et al.
found that “the main difference between
soleus and gastrocnemius is that soleus was
almost always modulated in activity as an
active agonist, while gastrocnemius also had
periods of un-modulated activity where
changes in muscle length were passively
driven by ankle rotation”.** This finding
may imply that the SOL muscle in particular
continuously supplies the spinal cord and the
central pattern generators of walking in the
brainstem** with information on ankle
position via the muscle spindle activity.
However, muscle spindle activity is disturbed
in patients with spasticity. The reduction of
muscle spindle activity after injection of
BoNT/A** may improve the information
for sensory-motor integration needed for
walking in patients with hemiplegia.

The central pattern generators do not
code activity of single muscles and move-
ments around a single joint but control
the activity of functional units.*>¥ We
therefore analyzed the physiological
angle combination of ankle extensions and
knee flexions, which are relevant for lifting
the leg during the initial swing phase of a
step to prepare for forward transport.

Among all parameters analyzed, the sum
of ankle extensions and knee flexions was the
only parameter showing an improvement
after 30 days in all patients. This improve-
ment persisted for 90 days in 20 of 24 patients
(>80%). Furthermore, this angle combina-
tion even showed greater improvement of
aRoM after SOL injection than GAS injec-
tion (Table 4, lower part and Figure 4a). The
difference in (Aext-Kflex)-aRoM—(Aext+
Kflex)-pRoM was significantly (p < 0.035)
larger in the SOL group than in the GAS
group. The mean value was positive in the
SOL group and negative in the GAS group
(Table 4 lower part and Figure 4b).

This difference between SOL and GAS
injections was found after re-analysis of
the data and searching for sensitive param-
eters. Future studies should be performed
to assess the value of such an angle combi-
nation as a primary outcome measure. In
clinical practice, this difference seems to
be of less importance as long as the dose
injected into the SOL muscle is comparable
to the dose injected into the GAS muscle.

Strengths and limitations of the study

The strength of the study is the demonstra-
tion of a functional improvement of walking
in adult post-stroke patients with a spastic
foot drop after treatment with a single injec-
tion of 800 MU aboBoNT/A into the calf
muscles. The limitations of the study were
that the muscle tone and angle measurements
were performed in a sitting position, and the
use of an instrumental gait analysis could
have more clearly demonstrated the improve-
ment of physiological angle combinations.

Conclusions

Treatment of spastic foot drop in adult
post-stroke patients with 800 MU of
aboBoNT/A is effective and may even
result in functional improvement. No sig-
nificant differences in efficacy were
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observed between selective aboBoNT/A
injections into the SOL and GAS muscles
of adult post-stroke patients. Therefore,
aboBoNT/A treatment of lower leg spastic-
ity should be equal in the GAS and SOL
muscles. Physiological angle combinations
may be more sensitive outcome measures
than single joint angles to monitor the clin-
ical effect of BoNT/A injections on lower
leg spasticity. However, this should be
tested in future studies.
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