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Abstract

Background—High forefoot plantar pressure is associated with plantar ulcers in people with
diabetes and peripheral neuropathy. The purpose of this pilot study is to determine safety and
efficacy of botulinum toxin A injected into the gastrocnemius-soleus muscles to reduce muscle
strength and plantar pressure.

Materials and Methods—This double blind, randomized clinical trial studied 17 people with
diabetes mellitus, peripheral neuropathy and forefoot plantar ulcer. Subjects were randomized into
one of three groups receiving gastrocnemius-soleus muscle injections on the involved side with; 1)
Saline (n=5, weight = 99 + 21 kg), 2) 200 units of Botox® (n=7, weight = 101 £+ 5 kg), or 3) 300
units of Botox® (n=5, weight=129 + 22 kg). Botox® dose was converted to units/kg, the majority
received between 1.9 and 2.4 units/kg (n=11) and one 3.2 units/kg. Plantarflexor peak torque and
forefoot peak plantar pressure were quantified prior and two weeks post injection.

Results—There were no complications from the injections. Plantarflexor peak torque on the
involved side increased in the placebo and 300 groups (3 + 4 Nm and 6 + 10 Nm respectively) and
decreased —8 + 11 Nm in the 200 group. There was no relationship between units/kg of Botox®
for each subject and change in plantarflexor peak torque. Forefoot peak plantar pressure did not
change in the placebo and 300 groups (0 + 11 and 0 + 5 N/cm? respectively) and decreased -4 +
16 N/cm? (4%) for the 200 group.

Conclusions—There were no adverse events associated with the Botox® injections. This study
was unable to determine the dose to consistently reduce plantarflexor strength and forefoot plantar
pressure. Additional research is needed to investigate diabetes mellitus specific physiological
changes and their impact of BONT-A effectiveness in order to guide appropriate dosing.
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Approximately 346 million individuals worldwide have diagnosed or undiagnosed diabetes
mellitus.! Fifteen percent of those with diabetes mellitus will develop a foot ulcer during the
course of their disease.3? A non-healing or slow healing ulcer has the potential to develop an
acute infection, require a lower extremity amputation and contribute to significant decrease
in function and an increase risk of death.3: 10.27

The most common cause for diabetic plantar ulcers is high plantar pressures in the presence
of sensory neuropathy and foot deformity.> Limited ankle dorsiflexion range of motion
(Equinus) has been thought to contribute to high forefoot plantar pressure.4 7+ 1520 Mueller
et al assessed the impact of a tendo-achilles lengthening on dorsiflexion range of motion,



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hastings et al.

Page 2

plantar pressure and ulcer recurrence.?2 Those that received the tendo-achilles lengthening
had a significant reduction in ulcer recurrence. However, forefoot plantar pressure was only
temporarily reduced, following the pattern of change in plantarflexor strength. Change in
forefoot plantar pressure was not associated with the change in dorsiflexion range of motion
which remained increased throughout the follow up period.1® From this study it was
hypothesized that the temporary reduction in plantarflexor strength, which reduced push-off
power protected the newly healed skin. As strength returned and plantar pressure increased,
the skin was gradually loaded increasing tolerance to high plantar pressure and decreasing
the risk of reulceration.

The tendo-achilles surgical procedure, although relatively uncomplicated, carries the risks of
infection, negative effects of sedation and local anesthesia, and the potential to over lengthen
the tendon inducing hindfoot ulcers.?2 The surgical risks, the association between plantar
flexor muscle strength and forefoot plantar pressure, and the lack of association between
dorsiflexion range of motion and ulcer recurrence led us to consider a novel use of
therapeutic botulinum toxin (BoNT-A) to comparatively and temporarily weaken the plantar
flexor muscles, reduce plantar forefoot pressure, and potentially reduce the risk of ulcer
recurrence.

BoNT-A dosing and effectiveness in adult plantarflexors has been studied in the treatment of
spasticity in stroke,14 17. 26,34 myltiple sclerosis,2® and traumatic brain injury® and limited
dorsiflexion post Achilles tendon surgery3!. BONT-A dosing has not been studied in adults
with diabetes mellitus and peripheral neuropathy who are generally obese. Additionally, it is
not known how skeletal muscle insulin resistance33 and peripheral vascular diseaseS, all
associated with complicated diabetes, might impact BoONT-A dosing and effectiveness.

Finally, the primary outcomes for BONT-A studies have been change in spasticity, pain and
function,® 14 17. 25,26 or range of motion31. Muscle strength is difficult to quantify in the
presence of spasticity and has rarely been reported as an outcome measure. Mancini et al
measured strength reductions of one muscle grade in the injected muscles that received total
lower limb doses of 540 units of Botox (Botox®, Allergan, P.O. Box 19534, Irvine, CA
92623-9534, USA). 17 Plantarflexor strength changes associated with BONT-A injections
have not been measured in a quantitative manner to assist in determining the appropriate and
safe dose to induce a reduction in strength comparable to Mueller et al (30%).22

The purpose of this double-blinded, placebo-controlled prospective randomized clinical trial
was to collect pilot data to determine safety and proof of concept of two doses of BONT-A
200 or 300 units, injected into the gastrocnemius-soleus muscles to reduce muscle strength
and plantar pressure, similar to that experienced with the tendo-achilles lengthening surgery.
If the decrease in plantar pressure was similar, BONT-A injections may be an alternative for
surgical intervention to reduce ulcer recurrence rate.

METHODS

Study Design Overview

This study was a double blind, placebo controlled, prospective randomized clinical trial.
Seventeen subjects provided informed consent, signed the consent form approved by the
(Blinded) and participated in the study. Subjects were remunerated for their participation in
the study. All subjects were randomly assigned, using a computer generated randomization
list, to one of three treatment groups: 1) placebo group (n=5) that received 3cc of normal
saline, 2) 200 unit group (n=7) that received 200 units of Botox®, and 3) 300 unit group
(n=5) receiving 300 units of BoNT-A (Botox®, Allergan, P.O. Box 19534, Irvine, CA
92623-9534, USA) (Figure 1). All study personnel and subjects were blinded to group
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assignment except a study nurse that maintained the randomization list and prepared the
injections. Forefoot plantar pressure, plantarflexor muscle strength, and dorsiflexion range
of motion measurements were collected at baseline and two weeks after the injections. The
two week time frame for post injection measurements was chosen because maximum
reduction in strength was expected at this time.2®

Inclusion Criteria

Patients were included in the study if they had a diagnosis of diabetes mellitus, inability to
feel 5.07 Semmes-Weinstein monofilament on at least 1 location on the plantar foot,8 a
recurrent forefoot plantar ulcer, and were ambulatory with or without an assistive device. A
recurrent forefoot ulcer was defined as at least one previous occurrence of a plantar ulcer or
failure to heal a plantar ulcer with reasonable treatment intervention (e.g. total contact cast,
off loading boot, or therapeutic footwear modifications)

Exclusion Criteria

Patients were excluded if they had an active infection in the involved foot, ulcers on the
dorsal surface of the foot, ankle-brachial index <0.45, history of cerebral vascular accident
or other neurological problems complicating their rehabilitation, or history of a
neuromuscular disease, except peripheral neuropathy as a result of diabetes mellitus.
Additionally, patients were excluded if they had received BoNT-A injections before, were
on current drug therapy that included the anticoagulant warfarin, and were women of
childbearing years unless pregnancy test was agreed upon, completed and negative and
patients agreed to use some form of contraception during the study.

Treatment Description

All subjects received treatment for their wounds, which included debridement of callus and
other devitalized tissues and use of a removable walker boot to unload the ulcer and protect
the limb after the injections. All subjects attended a single injection visit, with the
neurologist. During this visit subjects received a total of six injections using
electromyographic guidance. The medial gastrocnemius, lateral gastrocnemius, and soleus
muscle bellies, on the side with the forefoot ulcer, each received 2 injections utilizing a 0.5
cc dilution. The placebo group was injected with normal saline while those subjects that
randomized into the BoNT-A groups received either 200 or 300 units of BONT-A,
reconstituted with normal saline into a total volume of 3cc to preserve blinding.(Botox®,
Allergan, P.O. Box 19534, Irvine, CA 92623-9534, USA) The 200 and 300 unit doses were
chosen because they fall within tested doses that produced a clinical effect without
significant adverse events.17. 26

Testing Methods

Concentric plantar flexor torque was assessed using the Biodex System 3 Pro Orthopedic
Testing & Rehabilitation dynamometer (Biodex Medical Systems, 20 Ramsay Rd, Shirley,
New York 11967-4704, USA). Plantar flexor peak torque was measured at 60%sec, which is
comparable to the angular velocity of the ankle joint during the stance phase of walking.2!
Three trials, each with 3 repetitions, were completed. Peak torque was calculated as the
average of the two highest torque values across trials.

Barefoot plantar pressure was assessed on all subjects while walking at their preferred
speed, over an embedded EMED-ST P-2 pressure platform (sampling frequency=50Hz, 2
sensors/cm?) (Novel Inc., 964 Grand Avenue, St. Paul, MN, 55105 USA). A two-step
method of data collection was used1® and a minimum of two trials of each foot were
recorded. The plantar pressure map was divided into 3 horizontal masks using Percent Mask
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software (Percent Mask software, 964 Grand Avenue, St. Paul, MN, 55105 USA) and peak
plantar pressure was determined for the forefoot region.

Dorsiflexion range of motion was measured in two positions with a universal full-circle
goniometer as previously described.11: 12 Subjects were positioned in prone with the hip and
knee extended with the feet and ankles off the end of the table and prone with the hip
extended and the knee flexed. The axis of the goniometer was placed over the lateral
malleolus with one arm aligned with the fifth metatarsal head and the other aligned with the
fibula.

All people were assessed for adverse events at the 2 weeks follow up. The assessment
included questions and examination of pain/redness/edema at the injection sites, presences
of systemic weakness, nausea or fever, or decline in gait and/or function.

Statistical Analysis

RESULTS

The pilot study was not powered to determine conclusive group differences in main outcome
measures. The statistical examination of the data using a one-way ANOVA for continuous
variables (age, duration of DM, height, weight, body mass index and hemoglobin Alc), a
Chi-square test for gender and type of DM and a repeated measures ANOVA for the
intervention outcome measures yielded no significant group differences (p>.05) except
subject weight. Thus, to prevent over-interpretation of the data, only descriptive statistics
(mean and standard deviation) are reported for all data collected.

Subjects were predominately male and obese with chronic, type 2 diabetes mellitus (See
Table 1). Groups were similar in all characteristics except that the 300 unit group weighed
more (129 kg + 22) than the placebo and 200 unit group (100 + 21and 101 + 5 kg,
respectively, p<.05). No adverse events occurred in any subject following injection,
regardless of dose/group.

Plantarflexor peak torque on the involved side increased 3 + 4 Nm for the placebo group,
decreased —8 + 11 Nm in the 200 unit group, and increased 6 + 10 Nm in the 300 unit group
(See Table 2). Two of the 12 subjects injected with Botox® had a decrease in plantarflexor
peak torque above the variability measured in the placebo group (subjects 6 and 11). Three
subjects in the 300 unit group experienced an increase in plantarflexion peak torque that was
greater than the changes experienced in the placebo group (subjects 13, 15, and 17).

Botox® dose was converted to units/kg for each subject (See Table 2). Eleven of 12 subjects
received a dose of between 1.9 and 2.4 units/kg and one subject received a dose of 3.2 units/
kg. There was no apparent relationship between dose/kg of Botox® for each subject and
change in plantarflexor peak torque (See Figure 2).

Forefoot peak plantar pressure stayed essentially the same for the placebo and 300 unit
groups (0 = 11 and 0 + 5 N/cm? respectively, average 1% change) and decreased —4 + 16 N/
cm? (average of 4% change) for the 200 unit group. Across groups only 3 subjects had a
decrease in peak forefoot plantar pressure pre to post injection greater than 19% (Subjects 4,
11, and 16). In all subjects the change in forefoot peak plantar pressure was not consistently
related to group assignment or change in plantarflexor muscle strength.

Dorsiflexion range of motion with the knee extended and flexed remained fairly stable for
the placebo and 300 unit groups (0 + 3 to 2 + 8 degrees). The results for the 200 unit group
were mixed; dorsiflexion range of motion with the knee extended increased 4 + 3 degrees
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and decreased —2 * 8 degree with the knee flexed. There was no clear relationship between
change in dorsiflexion range of motion and plantarflexor torque or peak plantar pressure.

DISCUSSION

This study reports the results of a novel use of BoNT-A to attempt to reduce plantarflexor
strength and plantar pressure in individuals with diabetes mellitus and peripheral

neuropathy. Our pilot results provide evidence that BONT-A can be safely administered.
However, patient response was highly variable and did not produce a consistent reduction in
plantarflexor muscle peak torque or forefoot peak plantar pressure. We were unable to
determine a BONT-A dose that resulted in a predictable reduction in plantarflexor strength or
plantar pressure. Additionally, the increase in plantarflexion strength in some individuals
was unexpected and we believe, requires additional exploration.

In our group of 12 subjects who received Botox® injections, only two individuals (subjects
6 and 11, both in the 200 unit group), had a reduction in plantarflexor torque beyond the
variation measured in the placebo group. Only subject 11 had a concurrent decrease in
forefoot peak plantar pressure beyond the variation measured in placebo group.
Additionally, three individuals had plantarflexor torque gains beyond the test-retest
variability experienced by the placebo group. These results highlight the inconsistent
response of the plantarflexor muscles to injected Botox® in our subjects with DPN and the
inability to determine the association between plantarflexor strength and forefoot plantar
pressure.

Botox® Dosage

There are a number of possible reasons for the lack of measured change in plantarflexor
muscle strength and forefoot plantar pressure in the Botox® injected groups. One likely
possibility is that the overall Botox® doses chosen for this study, 200 and 300 units, were
too small. The dosing paradigm chosen for this study falls within the recommended and
tested doses for the gastrocnemius and soleus muscles in adults.? 17: 25, 26, 31 previous
studies have injected the gastrocnemius/soleus muscles with doses typically ranging from
50-320 units of Botox®.?: 17 25, 31, 34 (Dysport conversions used 1 unit of Botox®=3 units
of Dysport).23 32 pittock et al,26 examined a higher dose of 500 units, but this group had a
slightly higher incidence of adverse event rate of 33% compared with two other dosing
groups of 167 units (29%) and 333 units (25%). Reuter et al studied a plantarflexor

Botox® dosing paradigm of three to four cycles of injections, 3 months apart (total dose per
cycle was 200-400 units) for patients with equines deformity and abnormal plantarflexor
muscle activity following surgical repair of complete Achilles tendon rupture. This dosing
strategy successfully decreased muscle activity, allowed physical therapy intervention to
increase dorsiflexion range of motion, and no adverse events were experienced.

It is also possible that the dose relative to body weight was too small. Pittock et al utilized
doses of 2.2, 4.5 or 6.5 units/kg?8, while Turkel et al used doses ranging from 1.8-3.3 units/
kg in a low dose group and 3.6-5.5 units/kg in a high dose group.3* For our study, the dose
relative to body weight was in the low range, 1.9 to 2.4 units/kg and may have been
inadequate to induce the strength loss we had desired. We were cautious with dosing given
that therapeutic BONT-A injections are performed for neurologic conditions in which the
muscle is centrally denervated making extrapolation of dosing to muscle in people with
diabetes and peripheral neuropathy more challenging. Future work should take into
consideration the higher body mass of individuals with DM when determining an effective
dosing strategy.
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If the dose was inadequate, it is not clear from our pilot data what would be the appropriate
dose for future study. The response to BONT-A was variable at the same dose/kg and there
was no indication of a dose/response relationship in our small sample of individuals. The
variability of the response of our subjects to BoNT-A has led us to consider other
mechanisms that might be important in the treatment of individuals with diabetes mellitus
and peripheral neuropathy.

Botox® Pharmacokinetics

It is also possible that skeletal muscle in individuals with diabetes mellitus and peripheral
neuropathy does not respond similarly to BoTN-A as spastic or healthy muscle. Skeletal
muscle of individuals with obesity and diabetes mellitus and peripheral neuropathy has been
reported to have 2.2 times more fat located around the plantarflexor muscle belly than age
matched controls without obesity, diabetes mellitus, or peripheral neuropathy.13 The impact
that excessive fat accumulation has on BoNT-A efficacy is unknown but we suspect it may
attenuate the ability of BoNT-A to diffuse through the muscle and bind to the muscle’s
motor end plates.

The skeletal muscle of individuals with diabetes mellitus is also insulin resistant and there is
a high prevalence of peripheral vascular disease.® 33 BoNT-A has been associated with an
increased intramuscular blood flow in the elbow flexors of humans with epicondylitis for up
to 12 months24 and to increase glucose uptake, blood flow and blood volume in the masseter
muscle of rabbits for up to 8 weeks.18 Additionally, botulinum toxin A has also been
associated with an increase in liver tumor oxygenation and perfusion in mice.2 The
improvement in glucose uptake and vascular perfusion may outweigh the neurotoxin effects
in some individuals with diabetes mellitus and peripheral neuropathy. Incorporating imaging
techniques to measure muscle metabolism and vascular perfusion may provide critical data
to interpret future studies in this population.

There were no consistent changes in dorsiflexion range of motion with the Botox®
injections. Although no effect on dorsiflexion range of motion would be expected because of
the limited changes on muscle strength induced by the injections in this study in general, we
did not expect dorsiflexion range of motion to change in subjects with diabetes and
peripheral neuropathy. BONT-A has been used to increase joint range of motion restricted by
surrounding muscle that is spastic® 14 or demonstrating an abnormal increase in activity31.
The subjects included in this study did not have evidence or complaints of abnormal calf
muscle activity. The dorsiflexion range of motion limitation measured in individuals with
diabetes?%: 28 is associated with diabetes related changes in connective tissue?® and would
not be expected to change with injection of BoTN-A.

The Botox® intervention was intended to reduce forefoot plantar pressure by decreasing
plantarflexor strength and the ability to push off during gait through the use of Botox®. The
lack of a consistent response to the injection suggests that the dosing strategy for individuals
with diabetes mellitus and peripheral neuropathy will not follow a straight forward, standard
dosing strategy (e.g. based on body weight). Future research must examine how diabetes
specific changes in muscle including: fatty infiltration, insulin insensitivity, and peripheral
vascular disease change Botox® effectiveness. At this time, the tendo-achilles lengthening
remains the intervention of choice for temporarily reducing plantar pressure and ulcer
recurrence.

There are a number of possible study limitations that may explain the unexpected response
to the BONT-A injections. There is measurement error associated with plantarflexor muscle
peak torque methods that could blunt the ability to detect change over time. The test requires
volitional effort and motivation, which can vary between test occasions. Standard error of
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the measurement for plantarflexor isokinetic testing has been reported between 5.811 and
8.935 Nm for older adults. The placebo group in our study provides evidence that
plantarflexor muscle torque at 60°/sec, in obese subjects with diabetes mellitus, peripheral
neuropathy, and forefoot ulcer varies between test occasions by 12% or on average 3 Nm.
Additionally, our study, although strong in design, was limited by a small sample size and
inequality in weight between groups.

CONCLUSIONS

The plantarflexor muscles of individuals with diabetes mellitus, peripheral neuropathy, and a
forefoot plantar ulcer respond in a variable and non-predictable manner when injected with
BONT-A. Overall, 200 or 300 units (1.9 to 2.2 units/kg) of Botox® do not consistently
produce muscle weakness in the calf muscle nor was there a subsequent reduction in
forefoot peak plantar pressures. Additional research is needed to investigate diabetes
mellitus specific physiological changes and their impact of BONT-A effectiveness in order
to guide appropriate dosing.
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Table 1
Subject Characteristics
Placebo Group | 200 Unit Group | 300 Unit Group
No. of patients 5 7 5
Age (yrs) 48(9) 56(10) 57(9)
Male/female 4/1 6/1 4/1
Type 1/type 2 diabetes mellitus (no. of patients) 2/3 1/6 0/5
Duration of diabetes mellitus (yrs) 21.2(15.0) 18.6(10.3) 15.6(9.7)
Height (m) 1.79 (0.01) 1.78 (0.12) 1.84(0.04)
Weight (kg) 99.7(20.7) 100.7(4.5) 129.2(21.7)
Body-mass index 30.9 (5.4) 32.0(4.4) 38.1(5.5)
HbA1c (%) 7.7(2.6) 8.0(2.7) 6.7(0.27)
Ankle Brachial index 1.18(0.28) 1.07(0.27) 1.3(0.18)

Values given as the mean and standard deviation.
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