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The interaction between muscle contractions and joint loading produces torques necessary for move-
ments during activities of daily living. However, during neuromuscular electrical stimulation (NMES)-
evoked contractions in persons with spinal cord injury (SCI), a simple and reliable proxy of torque at
the muscle level has been minimally investigated. Thus, the purpose of this study was to investigate
the relationships between muscle mechanomyographic (MMG) characteristics and NMES-evoked isomet-
ric quadriceps torques in persons with motor complete SCI. Six SCI participants with lesion levels below
C4 [(mean (SD) age, 39.2 (7.9) year; stature, 1.71 (0.05) m; and body mass, 69.3 (12.9) kg)] performed ran-
domly ordered NMES-evoked isometric leg muscle contractions at 30°, 60° and 90° knee flexion angles
on an isokinetic dynamometer. MMG signals were detected by an accelerometer-based vibromyographic
sensor placed over the belly of rectus femoris muscle. The relationship between MMG root mean square
(MMG-RMS) and NMES-evoked torque revealed a very high association (R2=0.91 at 30°; R2=0.98 at
60°; and R% =0.97 at 90° knee angles; P < 0.001). MMG peak-to-peak (MMG-PTP) and stimulation inten-
sity were less well related (R? =0.63 at 30°; R? =0.67 at 60°; and R? = 0.45 at 90° knee angles), although
were still significantly associated (P < 0.006). Test-retest interclass correlation coefficients (ICC) for the
dependent variables ranged from 0.82 to 0.97 for NMES-evoked torque, between 0.65 and 0.79 for MMG-
RMS, and from 0.67 to 0.73 for MMG-PTP. Their standard error of measurements (SEM) ranged between
10.1% and 31.6% (of mean values) for torque, MMG-RMS and MMG-PTP. The MMG peak frequency (MMG-
PF) of 30 Hz approximated the stimulation frequency, indicating NMES-evoked motor unit firing rate. The
results demonstrated knee angle differences in the MMG-RMS versus NMES-isometric torque relationship,
but a similar torque related pattern for MMG-PF. These findings suggested that MMG was well associated
with torque production, reliably tracking the motor unit recruitment pattern during NMES-evoked muscle
contractions. The strong positive relationship between MMG signal and NMES-evoked torque production
suggested that the MMG might be deployed as a direct proxy for muscle torque or fatigue measurement
during leg exercise and functional movements in the SCI population.

© 2016 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

recruitment during voluntary [2,3] and NMES-evoked contractions
[4] has been used to describe muscle force modulation in healthy

The study of motor unit (MU) recruitment to evoke force pro- individuals. However, while NMES-evoked contractions have been

duction is of clinical interest, particularly during neuromuscular
electrical stimulation (NMES)-evoked contractions of paretic or
paralyzed muscles in neurological populations [1]. Incremental MU
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utilized for muscle force production in individuals with spinal cord
injury (SCI) [5], the mechanical and morphological changes associ-
ated with muscle contraction in this population have been poorly
documented. To evaluate the effectiveness of NMES interventions,
it is important to quantify stimulus-evoked muscle force. In partic-
ular, understanding motor recruitment and muscle force character-
istics could provide key insights about the contractile properties of
the muscle [6] and this has important implications for the use of
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NMES in rehabilitation. For example, measuring force or strength
changes in persons with SCI can provide evidence of recovery or
deterioration of motor output, as well as revealing the efficacy of
rehabilitation interventions [7]. Beyond promoting the practical ap-
plications of NMES training in maintaining ‘muscle health’ [8], the
ability to quantify an acute increase in muscle force production fol-
lowing NMES exercise [9] could widen the application of this as-
sistive technology in the clinical environment.

Traditionally, isokinetic dynamometers have been used to assess
muscle force (via joint torque) in a research setting, and they quan-
tify torque throughout the limb range of motion with acceptable
reliability [7]. However, these devices lack portability, and are rela-
tively expensive and cumbersome to deploy for assessments in the
clinical or home environment. The estimation of the muscle torque
from other muscle characteristics, particularly bio-potentials, be-
comes an attractive option.

An indirect estimation of torque production has been assessed
from electromyography (EMG) [10-12], but sensitivity of the signal
to the external electromagnetic interference and skin impedance
changes due to perspiration [13] presents significant limitations
[14]. Additionally, the reliability of EMG estimation of muscle
torque generation during NMES-evoked contraction remains debat-
able [15], largely due to the size of stimulation artifact current in
relation to the EMG signal [10]. Thus, quantification of stimulus-
evoked force production by EMG alone during neurostimulation is
deficient [16].

A mechanical “counterpart” of the electrical activity of active
motor units as measured by EMG (i.e., muscle mechanomyogram;
MMG) has been proposed for muscle torque assessments [17,18].
During skeletal muscle contractions, the generated MMG signal is a
function of the following mechanisms: “(1) a slow bulk movement
of the muscle at the initiation of the contraction, (2) smaller sub-
sequent lateral oscillations occurring at the resonant frequencies
of the muscle, and (3) dimensional changes of active muscle fiber”
[17]. Therefore, MMG reflects the mechanical activity of physiolog-
ical phenomena underlying muscle contractions. MMG quantifies
neuromuscular performance, and has been used to gain insights
into muscle capability during voluntary [17] and stimulated con-
tractions [4]. In healthy humans, Petitjean et al. [4] reported a
positive linear relationship between MMG amplitude and MU re-
cruitment (i.e.,, muscle torque) during incremental NMES-evoked
contractions of the first dorsal interosseous muscle (FDI). The au-
thors suggested that the influence of the muscle fiber type may
have been responsible for the pattern observed. Consequently, the
MMG-torque relationship is both muscle fiber-type composition
[19] and structure [20] dependent. In addition, MMG frequency
content provides information regarding the firing rates/frequency
of the active motor units during voluntary and NMES-evoked con-
tractions [21]. Therefore, simultaneous investigation of the time
and frequency contents of MMG signal has been used to interpret
motor control strategy that is responsible for muscle force modula-
tion during voluntary [17] and NMES-evoked [14] muscle contrac-
tions. Thus, the torque output during NMES-evoked muscle con-
tractions depends on the degree of MU recruitment, their firing
rates [4] and the contractile properties of the activated MUs [22].
Nevertheless, clear interpretation of the specific influence of MU
recruitment and their firing rates on MMG characteristics during
NMES-evoked contractions in individuals with SCI has been mini-
mally investigated.

Thus, the aims of this study were: (1) to quantify the degree
of association between MMG signal and isometric torque of the
rectus femoris (RF) muscle during incremental NMES-evoked mus-
cle contractions at 30°, 60°, and 90° knee angles; and, (2) to in-
vestigate the reliability of MMG signal recorded over RF muscles
in persons with SCI. The quadriceps muscle was selected because
of its well-established relevance for the study of knee joint torque

dynamics [23], could be readily stimulated in paraplegia [24], and
could be easily compared with existing data on voluntary contrac-
tions [19,25]. RF was selected to represent quadriceps group be-
cause it is the major contributor to the NMES-evoked quadriceps
muscle torque during knee extension [25,26]. To our knowledge, no
previous studies have reported the relationship between MMG pa-
rameters and the quadriceps torque production during incremental
NMES-evoked isometric contractions in persons with SCI.

We hypothesized that MMG would be a reliable proxy of incre-
mental torque production, since a positive linear relationship has
been previously demonstrated in FDI, which is of comparable mus-
cle fiber morphology to the quadriceps [4] with a predominance
of type II fibers in this muscle group after SCI [24]. Furthermore, a
significant correlation between the MMG signal and muscle torque
production would a priori support the validity of the signal as a
proxy of muscle performance, particularly when a direct measure-
ment of torque might be impractical [15], such as in activities of
daily living.

2. Method
2.1. Participants

Nine chronic motor complete (American Spinal Injury Associa-
tion Impairment Scale A and B) SCI [27] participants with neuro-
logical lesions below C4 were recruited at the Department of Re-
habilitation Medicine, University of Malaya Medical Centre, Kuala
Lumpur, Malaysia. Their written informed consent was obtained af-
ter a full disclosure of the rational and procedures of the experi-
ment in compliance with the declaration of Helsinki. They were
duly informed about the possible sources and discomforts of the
dynamometer assessment and electrical stimulation, and were ad-
vised of their rights of withdrawal from the study at any time. In-
dividuals with severe spasticity, joint contracture or lower motor
neuron lesion that might adversely affect the production of mod-
est quadriceps torque were excluded from participation. Also ex-
cluded were any participants who, as a result of incremental NMES
current amplitude, produced no relative increase in their stimulus-
evoked torque values. Of the nine participants recruited at the out-
set, only seven successfully completed the full test battery. How-
ever, a further participant was excluded due to lack of increase
in relative torque in response to increasing NMES current inten-
sity. Therefore, the data of the remaining six participants (Table 1)
has been included for analysis. All participants retained quadriceps
spinal reflexes, and they could sit up on a dynamometer’s chair
with backrest. As part of clinical conditioning exercises [28], at
the time of the investigation, participants were already involved in
NMES cycle training (2 to 3 times per week for at least 7 weeks),
but were asked to refrain from the training for at least 48 hours
before testing.

2.2. Experimental protocol

Participants were secured to a calibrated isokinetic dynamome-
ter (System 4; Biodex Medical Systems, Shirley, NY, USA) by an in-
extensible restraining straps over the thigh, pelvis and the trunk
to minimize extraneous movements [29] and to ensure only iso-
metric contractions of the quadriceps could be performed (Fig. 1)
[28]. Based on safety considerations of not putting bone health
at risk [30], and to analyze the muscle torque in a range that
will mimic functionally relevant mode such as in standing up, we
utilized maximal torque calculations based on the empirical data
of Kagaya and colleagues [31]. Those investigators suggested that
the knee extensor’s moment should not exceed that required for
NMES standing in persons with SCI. Thus, careful attempts were
made to keep the NMES-evoked muscle torque production within
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