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ABSTRACT

In myotonic dystrophy type 1 (DM1) quadriceps weakness
often results in severe functional limitations and genu
recurvatum. To improve quadriceps strength the effects of
isometric tetanic contractions using transcutaneous muscle
stimulation (TMS) and testosterone enanthate (TE) were
assessed. Ten DMI1 subjects underwent unilateral TMS 6
hours per day for 14 days. The stimulated leg was randomly
assigned and sham stimulation was done on the opposite
leg by transcutaneous nerve stimulation. Muscle mass was
estimated by cross-sectional area computed tomography
and strength was measured by Cybex ergometry. Following
the initial TMS period, 8 of 10 subjects were given a
12-week course of TE (3 mg/kg/wk) followed by 14
days of TMS. Neither TMS nor TE improved strength.
Following 12 weeks of TE, there was an average increase
in muscle mass of at least 8.7 +/- 1.6 cm?® These findings
are consistent with the TE—increased muscle mass in
DMI1 as measured by creatinine clearance and total body
potassium. The dissociation of mass and strength following
TE and the failure of exercise to improve strength may have
significance in characterizing the muscle defect in DM1.

Keywords: myotonic dystrophy; testosterone; transcuta-
neous muscle stimulation; muscle mass

RRNMF Neuromuscular Journal 2023;4(1):20-26

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial

New Stuff

Introduction

Muscle atrophy in myotonic dystrophy (DM1) is
characterized by depressed muscle protein synthesis in
the absence of accelerated degradation (1). Since exercise
and testosterone can enhance muscle protein synthesis,
we examined their effects on quadriceps muscle mass in
DM1 (2,3). This was achieved using testosterone enanthate
(TE) and, as a form of stimulated exercise, transcutaneous
muscle stimulation (TMS), both alone and in concert (4
6). Our objective was to focus on the thigh muscles since
quadricep muscle weakness and atrophy often result in
severe functional limitation in patients with DM1.

For DM, past studies have had mixed results, with
benefits primarily in the arena of symptomatic treatment
for myotonia rather than weakness. Mexiletine is well-
tolerated by DM1 patients and improves myotonia but does
not improve muscle strength or 6-minute walk distance
(7-11). In a smaller study of 12 patients, imipramine
showed improvements in grip and percussion myotonia
(12). Creatine monohydrate tested in DM1 patients did
not show significant benefits in muscle strength, though
myalgias improved in a minority of myotonic dystrophy
type 2 patients studied (13-15). A small study of five
patients with DMI1 reported subjective and objective
(vigorimeter grip strength, electromyogram myotonic
discharges) improvements with selenium and vitamin E
supplementation, though a larger double-blind placebo-
controlled trial did not show benefit (16-18). Thus, there is
aclear gap in therapeutics, though several interventions are
in the pipeline.

TMS has been studied in DMI patients in various
forms with suggestion that strength and functional status
can improve, though other studies suggest no benefit to
strength and functional outcome (19-24). One study tested
functional electrical stimulation cycle training in four
DMI patients and showed improved muscle strength and
endurance (25).

Hormone therapy, including growth hormone,
dehydroepiandrosterone sulfate, testosterone, and insulin-
like growth factor 1, that can improve muscle protein
anabolism have been of high interest, though results have
not been promising in regards to improvement of muscle
strength and functional status (26-33). Testosterone
has been shown to improve muscle mass but not strength
in DM1 (34). Hormone therapy has not been tested in
conjunction with TMS in this patient population.

Given the possible synergistic effects of TMS and TE,
we tested the impact of these modalities on improving
muscle mass and strength.
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Methods
The study was conducted at the Ohio State University

(OSU) and was approved by the OSU institutional review
board.

Patient Selection

Ten male DM1 patients volunteered and gave informed
consent to participate in this protocol. The mean age of
patients was 31 years (range 25 to 35 years). All patients
had myotonia of hand grip and percussion myotonia
of the thenar muscles, that was confirmed by needle
electromyography. In addition, all patients had a family
history for DM1 and exhibited extremity weakness. Genetic
testing was not performed. In particular, all patients had
knee extensor (quadriceps) muscle weakness: no better
than Muscle Research Council (MRC) grade 4.

Evaluation of Muscle Mass

Computed tomography (CT) planimetry was used
to measure the cross-sectional area of the thigh muscles.
The level scanned was standardized to be one third the
distance from the gluteal furrow to the level of minimum
circumference just above the knee. The level was marked
and maintained throughout the study. Measurements
were made at the viewing console using a joystick device
to guide a cursor around the area of interest. The contours
of the quadriceps and the femur were outlined. Quadriceps
muscle size was the area inside a curve separating the
subcutaneous tissue from the muscle, minus the area of the
femur.

Evaluation of Strength

Electromechanical isokinetic ergometry (Cybex
dynamometer, Tumex Inc., Bay Shore, New York) was
used to measure knee extensor strength at velocities of
60 degrees per second and 180 degrees per second. The
strength was the mean of nine measurements taken during
three individual settings over a two-day period.

Study Design

Phase 1. During the first phase, 10 male DM1 volunteers
were admitted to the Clinical Research Center (CRC) and
underwent unilateral TMS of the quadriceps muscle group.
A Medtronic Respond IT 3128 Neuromuscular Stimulator
was utilized. A surface electrode was placed over the mid
belly of the muscle. Priortostimulation, the subjecthad each
leg splinted to maintain the knees in 10 degrees of flexion.
The stimulation was increased to produce a maximal, non-
painful muscle contraction for 5 seconds every minute.
Two three-hour stimulation periods were performed each
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day for 14 days. At the end of each treatment period, the
knee splints and electrode were removed and the subjects
were allowed to resume normal activity. The stimulated leg
was splinted and had been randomly assigned. The control
leg received sham stimulation at identical stimulation
points over the anterior thigh during the same period
with transcutaneous nerve stimulation (TENS). TENS
produced no muscle contraction.

Phase 2. During the second phase, eight subjects (2
dropped out due to pain) had weekly intramuscular (IM)
injections performed, in one leg (quadriceps muscles that
were previously subjected to TMS), of TE, 3 mg/kg/week,
for 12 weeks as outpatients.

Phase 3. During the final phase, eight subjects received
TE and returned for a second CRC admission. Just as in
phase 1, the same randomly assigned leg received 14 days
of TMS while the control leg had sham stimulation with
TENS.

Statistical methods

All analyses were performed in R (version 4.5.0) (35).
All plots were generated using ggplot2 (36). Linear mixed
effects models were fit using ImerTest (37).

A linear mixed effects model was fit to the change
from baseline for each of the three phases. Subject-
specific and subject-phase-specific
were included to capture the within-subject correlation
amongst measurements for each leg. Covariates included
in the mixed effects model included treatment group
(non-stimulated side served as reference), phase (post-
stimulation served as reference), and the interaction of
treatment group and phase. T-test was used to compare
changes in strength across the different phases.

random effects

Results

The data suggest thatrelative to baseline (table 1), there
is increased muscle mass post-testosterone (p = 0.008) and
post-testosterone with TMS (p = 0.04). However, relative
to the non-stimulation side receiving TENS, there was no
significant difference during any of the three phases in the
stimulation side, relative to baseline. TMS did not produce
any significant increase in muscle mass. Figure 1 shows the
changes in muscle size across the study.

Relative to the previous phase (table 2), there was
an increase in muscle mass post-testosterone (p = 0.04).
However, relative to the non-stimulation side, there was no
significant difference during any of the three phases, relative
to the previous phase (Table 3). The combination of TE and
TMS did not result in larger muscle mass compared to the
TENS leg.
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Table 1: Changes in muscle size relative to baseline
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Estimate (ecm?) Std. Dev. p-value 95% CI
Post Stimulation -0.78 2.27 0.73 (-5.10, 3.49)
Post Testosterone 8.92 3.18 0.008 (2.79,14.91)
Post Testosterone TMS 6.72 3.18 0.04 (0.58,12.71)
Difference in Stimulated Side at Post Stimulation -2.76 3.07 0.37 (-8.54,3.02)
Difference in Stimulated Side at Post Testosterone 349 447 044 (-4.93,11.92)
Difference in Stimulated Side at Post Testosterone TMS 112 447 0.80 (-7.31,9.55)

Figure 1: Muscle size across the different phases of the study separated by non-stimulated and stimulated leg
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Ten participants started the study and eight completed the study. The figure shows changes to muscle area (cm?) across the study.

Table 2: Changes in muscle size relative to each phase

Estimate Std. Dev. p-value 95% C1
(em?)
Post Stimulation -0.56 2.94 0.85 (-6.11, 5.00)
Post Testosterone 9.21 2.62 0.04 (1.12,17.31)
Post Testosterone TMS -1.65 4.29 0.70 (-9.74,644)
Difference in Stimulated Side at Post Stimulation -2.76 4.29 0.30 (-7.77,2.24)
Difference in Stimulated Side at Post Testosterone 7.07 3.82 0.08 (-0.23,14.36)
Difference in Stimulated Side at Post Testosterone 0.39 3.82 0.92 (-6.91,7.69)
TMS
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Table 3: Changes in muscle size across phases between non-stimulated and stimulated leg
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Non-Stimulation Side

Stimulation Side

Median Baseline (IQR) 151.52 (57.91)
Median Post-Stimulation (IQR) 153.07 (50.03)
Median Post-Testosterone (IQR) 157.33 (67.80)
Median Post-Testosterone TMS (IQR) 159.65 (59.94)
Change from Baseline

Post-Stimulation -0.31(7.15)

Post-Testosterone 8.13 (6.25)

Post-Testosterone TMS 718 (742)
Change Relative to Previous Phase

Post-Stimulation -0.31(7.15)

Post-Testosterone 9.81 (14.57)

Post-Testosterone TMS -3.93 (5.93)

142.88 (41.87)
14343 (47.76)
15044 (52.26)
154.85 (47.81)

-2.93(9.77)
740 (940)
4.77 (8.36)

-2.93(9.77)
13.58 (11.47)
-0.88 (5.93)

Table 4: Impact of TMS, TE, and TMS with TE on strength in the non-stimulated and stimulated sides

Mean

Phase Angular velocity TMS vs TENS (N/m) Standard error
60 degrees, TMS 4.3 2.69
egrees/sec
TENS 5 3.79
Phase 1 (TMS vs TENS)
TMS 44 1.61
180 degrees/second -
TENS 3.5 1.71
TMS 2.88 1.11
60 degrees/sec TENS 75 195
Phase 2 (TE only) - —
TMS 0.88 1.7
180 degrees/second
TENS 0.88 1.26
60 d ¥ TMS 5.13 1.3
carees/see TENS 3.38 3.82
Phase 3 (TE + TMS)
180 d ¥ J TMS 2.63 1.93
secon
cgrees/seco TENS 1.38 1.51

In phase 1, there was no significant difference in Cybex
strength measurement at 60 degrees or 180 degrees per
second between TMS and TENS (p= 0.5). In phase 2, TE
treatment for three months showed no effect on muscle
strength compared to baseline (p= 0.15). In phase 3, there
was no increase in strength between TMS or TENS in
combination with TE treatment (p= 0.15) (table 4).

Discussion

The results reported here are a direct demonstration
of increased thigh muscle mass following three months
of TE administration in DMI. This supports previous
indirect evidence by Griggs et al. that TE can increase
muscle mass as estimated by creatinine excretion and total
body potassium as well as the evidence that TE increased
muscle protein synthesis in DM1 (38). Testosterone,
an anabolic steroid, has also been shown to increase
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muscle mass in trained athletes (39). Its mechanism of
action in those athletes includes the induction of protein
synthesis in skeletal muscle and an anticatabolic effect
that counteracts the catabolic influence of endogenously
stimulated glucocorticoids. Despite the increased muscle
mass and congruence with other studies, we were unable
to demonstrate that TE produced an increase in strength in
association with increased muscle mass.

Indistinction to the effects of TE in DM 1, TMS failed to
show the increase in thigh muscle size seen after nine days
in paraplegic patients with upper-motor neuron lesions
(40). Our randomized controlled trials showed no effect on
strength after 14 days of TMS. Because of the duration of
TMS and the limitations of ergonometric, a small effect on
strength could have been missed.

Novel approaches to improving strength in DM1 are
needed given the lack of disease-modifying pharmacologic
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therapies. Nonpharmacologic approaches including TMS
and strength training, or the combination of the two, have
been tested not only in DM1, but also in a variety of other
neuromuscular disorders (41-45).  Neither strength
training nor aerobic exercise appear to alter clinical
outcomes measures in DMI, though there is conflicting
data (4647).

Other therapeutics are in development to achieve a
disease modifying effect, such as antisense oligonucleotide
targeted to the 3" untranslated region of the DMPK gene,
which has shown promise in mouse models by improving
strength (48). Adeno-associated virus type 6-mediated
administration of miR30 RNAi hairpins to target the
pathogenic HSLAR transgene in mice showed molecular
and physiologic benefits (49). Various medications
approved for other indications continue to be tested for
use in DM, including metformin and chloroquine. A small
phase 11 study of metformin suggested a beneficial effect
on mobility and gait abilities in myotonic patients (50).
Chloroquine led to functional improvement in drosophila
and mouse models of DM1 (51). In terms of improving
symptoms, novel approaches are also being explored, such
as with robotics and transcranial magnetic stimulation
(52,53). With advances in robotics, exoskeleton assisted
rehabilitation training was trialed in one patient with DM1
that showed improvement in strength and functional status
(53).

Though this study did not show a benefit for strength
of TE and TMS in isolation or in combination, research
and drug development are actively being pursued. Several
studies, including this, have shown that increasing muscle
mass alone is not sufficient for improvement in strength,
which may be related to defective function of diseased
myofibers. TMS alone without an exercise program is not
sufficient to lead to strength improvements. Future studies
should not simply work to increase muscle mass but also
increase strength.
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