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INTRODUCTION

A significant challenge in improving the design of assistive technologies for rehabilitation of individuals with
neuromuscular deficits is the limited ability to robustly sense muscle activity and function. For the past 50 years,
surface electromyography (SEMG) has been the dominant standard for detecting muscle activity for prosthetics[1]
and is also widely used for rehabilitation and biomechanics research. However, sEMG lacks spatial specificity and
suffers from poor SNR[2]. Despite these limitations, SEMG has been widely used for estimating muscle force, and
fatigue[3]. However, sEMG is generally incompatible with electrical stimulation, which is often used either as a
therapeutic intervention or in conjunction with assistive technologies, as SEMG signals are typically saturated by
current injection during electrical stimulation.

Due to the well-documented limitations of SEMG, alternative biosignal sensing methods for studying muscle
activation have been investigated. Mechanomyography (MMG) is a class of mechanical alternatives to sEMG,
which record forces and physical energy transfer from muscle activation. Several variants exist from measuring
muscle radial displacement (tensiomyography, TMG)[4] to passively recording soundwaves generated by muscle
contractions (acoustic myography, AMG)[5,6]. Because these techniques measure mechanical activity (as
opposed to electrical activity), they provide a meaningful measure of active muscle contractions that is not
dependent on excitation-activation coupling[5]. Further, they would be significantly less susceptible electrical
aberrations induced by FES current injection. While these methods have some advantages over SEMG, they
suffer from their own limitations, including susceptibility to motion artifacts, and the limited sensitivity to deep-
seated muscle motion[7].

Recently, the use of ultrasound imaging has gathered more attention in research for numerous applications to
detect and quantify muscle activity. These have included estimating muscle force generation using muscle fiber
pennation angle, cross sectional area, and tissue motion tracking[8—13], detecting passive and active muscle
activation using fast M-mode or TDI approaches[14,15], and using ultrasound-derived signals for controlling
prosthetics[16—18]. A major challenge with ultrasound systems have been the bulky form factor of the transducers
and instrumentation, which is a significant limitation to deploying in a wearable system during free unconstrained
movement. In this paper, we investigated the use of dual-element continuous-wave (CW) Doppler ultrasound
systems, which can be deployed in a small form factor for wearable use alongside assistive devices. To
demonstrate the value of this method, we investigated its utility in estimating muscle force production and fatigue
during electrical stimulation, a situation where conventional SEMG cannot be utilized.

METHODS

Experimental setup

Figure 1. A biect is fitted with a modified portable
continuous wave (CW) ultrasound probe and stimulation




Six healthy male subjects were recruited for the | electrodes on a modified commercial Biodex Il dynamometer. |
experiments under a protocol approved by the George Mason University Institutional Review Board. Subjects
were asked to lie in a prone position, and the isometric plantar flexion torque was measured (Fig 1) using a
Biodex Il dynamometer upgraded with a Humac interface (CSMi Solutions) interfaced with LabView (National
Instruments). Subjects were instrumented with a modified BT-200 Hi-Dop vascular continuous wave Doppler
ultrasound probe (Bistos), placed over the muscle body of the medial head of the gastrocnemius. Care was taken
to place the probe away from blood vessels so that the movement detected by the probe was from muscle/tissue
motion alone. The probe was also shielded in a grounded aluminum enclosure to minimize electromagnetic
interference (not shown). Rehastim2 (Hasomed) ES electrodes were placed on the proximal part of the medial
head and distal part of the lateral head of the gastrocnemius in accordance with the Rehastim2 manual. ES was
controlled with a custom Matlab/Simulink (MathWorks) interface.

Experimental protocol

First, subjects were asked to perform voluntary plantar flexion, and the maximum voluntary isometric torque
(MVIT) was recorded. We then applied 50Hz, 100us biphasic current at progressively higher amperage, and the
current required to produce approximately 20% of their MVIT was recorded as the stimulation current. A
stimulation cycle of 1 second duration was designed as follows: The current during the on phase was ramped up
from zero to maximum over 0.12s, held at maximum current for 0.5s, and then ramped down to zero for 0.12s,
followed by 0.26s rest, with a total stimulation period of 1s. We then stimulated the calf for 60 cycles over a period
of 60 seconds. The peak torque declined significantly to below 50% of the initial value for all subjects during this
60 second stimulation, indicating the onset of fatigue. The muscle was then allowed to rest for two minutes, and
the 60-second stimulation cycles was repeated for a total of five trials. Audio output from the CW Doppler
instrument was recorded continuously throughout the entire experiment.

Analysis

The muscle contraction velocity was estimated using the CW Doppler signal. We calculated the spectrogram (Fig
2) and spectral entropy of the CW Doppler signal to analyze signal duration at the onset of muscle contraction.
The CW Doppler instrument had a built in high-pass clutter filter with a cutoff of 500Hz to suppress slow motion.
On occasion, multiple activation signals were present (presumably from the gastrocnemius and soleus activating
at different recruitment times). In these cases, only the first signal was analyzed. We compared the signal
duration first and 60th stimulation period and performed a simple linear regression between the signal duration

(a) (0)

o
o

N

w
w

N
N

Frequency (KHz)

-y
-

Power/frequency (dB/(Hz/sec))
Frequency (KHz)
Power/frequency (dB/(Hz/sec))

=3
A
o
o

-40

37 371 372 373 374 375 376 377 378 379 9% 961 962 963 964 965 966 967 96.8 96.9

Time (sec) Time (sec)
Figure 2. Example plantar flexion torque during electrical stimulation (black trace) for the first cycle (a) and the 60t cycle (b) overlaid
on the corresponding CW Doppler spectrograms. It can be seen that for the 60t cycle of stimulation, the torque has decreased
significantly, and the Doppler spectrogram shows a smaller duration signal.

and peak plantar flexion torque for stimulation cycles 1, 11, 21, 31, 41, 51, and 60 for each of the five ES trials.
RESULTS
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Figure 3. (a)The total power of the CW spectrum from 0 to 2kHz (dB) for one subject. Columns represent individual 1sec
stimulation periods. Note that the contraction phase becomes thinner and the relaxation phase can drop to undetectable levels.
(b)The normalized torque trace over the same time periods.

We found that CW Doppler signals at both the onset phase and release phase of force, were force/fatigue
dependent (Fig 3). In general, as the muscles fatigued, the audio signal durations continually got shorter during
both phases, and tended to drop below detectable levels for the release phase.

For the first stimulation period, the contraction signal was on average 133.5ms + 36.05ms SD. By the 60th
stimulation period, the muscle had fatigued and the signal duration dropped to 52.16ms + 20.24ms. This change
was statistically significant (p = 0.012, paired 2-tailed t-test). This indicates that the signal duration is correlated
with peak plantar flexion torque.
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Figure 4. An example of signal duration vs peak torque for one
subject. Note the difference in slope between the first ES (ES 1)
and the subsequent stimulations (ES 2-5).

DISCUSSION

Our results indicate that CW Doppler can be utilized in conjunction with electrical stimulation to infer the muscle
force production as well as the onset of fatigue. This method can overcome a major limitation of SEMG, which
cannot be utilized in conjunction with ES.

CW Doppler can be performed with a dual-element transducer with a small footprint, and miniaturized battery-
operated electronics, making this technology well-suited for a wearable application. CW Doppler can be sampled
at relatively low sample rate (44-100kHz, audio range) and can be analyzed with fast Fourier transform
algorithms, which makes real-time analysis possible. We found that the duration of the CW Doppler signal after a
high-pass clutter filter, correlated with peak muscle force, throughout five trials of ES stimulation, fatigue, and
recovery. One interpretation of our data is that the muscle shortening velocity decreases as the muscle fatigues,
and the measured signal duration that exceeds the clutter filter cutoff of 500Hz decreases with fatigue.

The use of CW Doppler to measure muscle contraction velocities has a significant advantage over conventional
ultrasound imaging methods that rely on measurement of muscle architecture features such as pennation angle
and cross-sectional area. Image-based measures are highly sensitive to transducer positioning, and out of plane
movement that is common during muscle contraction.



In this study, we utilized a commercial vascular CW probe to demonstrate the feasibility of this approach. The use
of a commercial system has limitations. First, this system was designed to measure blood flow and hence has a
clutter filter designed to block signal from low velocity tissue movement. However, the Doppler shift due to muscle
contractions were sufficiently large to exceed the clutter filter settings. Doppler signals for lower velocities, such
as those produced during the relaxation phases can sometimes fall below the clutter filter cutoff, especially after
muscle fatigue. Additionally, because we are measuring the audio output alone, we lose the phase and thus
directionality of the movement, and instead are left with only magnitude. In future work, we plan to bypass the
internal signal processing circuitry and record the in phase and quadrature (IQ) components to both preserve
directionality and bypass the clutter filter to make slower tissue movements detectable. A second limitation is that
CW Doppler does not provide depth-specific information. We are investigating the use of frequency-encoded
methods that can enable depth-specific velocities without significantly increasing the form factor of the transducer
and associated instrumentation.

CONCLUSIONS

Continuous wave Doppler ultrasound is portable, low power, and provides real time information about muscle
activation, fatigue, and recovery that is compatible with ES. This could provide a useful wearable biosignal
sensing method for use in conjunction with assistive technologies such as hybrid exoskeletons combining ES and
actuators, and therapeutic electrical stimulation. This method overcomes many of the limitations of other sensing
modalities.
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