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is available at the end of the Previous studies have already indicated that characterizing contractile properties of
article muscles using MMG through neuromuscular electrical stimulation (NMES) showed

excellent reliability. Thus, this review highlights the use of MMG signals on evaluating
skeletal muscles under electrical stimulation. In total, 336 original articles were identi-
fied from the Scopus and SpringerLink electronic databases using search keywords

for studies published between 2000 and 2020, and their eligibility for inclusion in this
review has been screened using various inclusion criteria. After screening, 62 studies
remained for analysis, with two additional articles from the bibliography, were cat-
egorized into the following: (1) fatigue, (2) torque, (3) force, (4) stiffness, (5) electrode
development, (6) reliability of MMG and NMES approaches, and (7) validation of these
techniques in clinical monitoring. This review has found that MMG through NMES pro-
vides feature factors for muscle activity assessment, highlighting standardized electro-
myostimulation and MMG parameters from different experimental protocols. Despite
the evidence of mathematical computations in quantifying MMG along with NMES,
the requirement of the processing speed, and fluctuation of MMG signals influence
the technique to be prone to errors. Interestingly, although this review does not focus
on machine learning, there are only few studies that have adopted it as an alternative
to statistical analysis in the assessment of muscle fatigue, torque, and force. The results
confirm the need for further investigation on the use of sophisticated computations of
features of MMG signals from electrically stimulated muscles in muscle function assess-
ment and assistive technology such as prosthetics control.
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Introduction

The musculoskeletal system has been determined to play an extensive role in the loco-
motor function of the body. Excited by the microstimulation of the central nervous
system, the system acts on the skeletal joints, generating the force required to provoke
dynamic motion and posture. This force provides the joint actuator with the integral
summation needed for individual muscle activation [1]. To date, the electrical response
from muscle contraction has been recorded using electromyography (EMG) [2], which is
detected through electrodes placed on the surface of the muscle of interest. This signal
is produced by the overall contribution of active muscles beneath the skin. Thus, the
recorded EMG could be contaminated by active neighboring muscles. This contamina-
tion, which is often referred to as crosstalk, has been reported in muscle coordination,
motion analysis, muscle task evaluation, and prosthesis control. Different muscles are
synchronously activated to contribute to a single task. Thus, scientists were aware of
proper methods of screening the function of unique muscle with reduced disturbances
from neighboring muscles.

NMES has been identified as an alternative tool to voluntary activation in order to
generate muscle contraction; it has been determined to be an important feature to selec-
tively activate desired muscles. Nevertheless, the changes in EMQG patterns over time [3,
4] and electrical interference [5] are considered deterministic factors that might affect
its proper interpretations when the targeted muscle is subjected to electrical quanti-
ties. Consequently, the development of piezoelectric, microphones, and accelerometers
showed appropriate detection of the mechanical signals from the surface of skeletal
muscles at a low frequency, which is known as MMG signal [6] not contaminated by
electrical noise. Indeed, MMG signal represents the mechanical manifestation of muscle
activity [7] and further indicates the neurophysiology reflected by the mechanical coun-
terpart to the electrical activity of unfused active motor units [5]. Attempts made in the
assessment of crosstalk [8], quantification [9], and applications in assistive technology
[10] support MMG signal as an alternative to EMG signal for the screening of muscle
function [11], in terms of fatigue [12], muscle force [13], and its derivative (torque) [14]
as well as for prosthesis control [15] and the detection of myopathies [16].

Indeed, the frequency component of MMG signals can provide essential informa-
tion on the contraction features of the muscles of interest coupled with information
on the muscle fiber types and composition. For example, electrical activation of the
slow- and fast-twitch muscle fibers in soleus (SOL) and vastus lateralis (VL) showed
lower MMG-median frequency in SOL than in VL [17]. The mean frequency (MF)
of EMG signals has been determined to mirror the conduction velocity of recruited
motor units (MUs). The firing rate of recruited MUs range in 10 and 40 Hz EMG
spectrum [18], whereas MMG appears at lower 10 Hz [19]. EMG is often influenced
by the shape of the action potential, whereas the duration of elementary MMG and
the action potential converge. Using isometric muscle action, the MMG-EMG cross-
spectrum showed that unlike MMG, EMG has a low sensitivity for different types
of MUs and composition [18] with long-lasting (100 ps) MU actuators than MUAP
(10 ps) [19]. Thus, inference behind the features of MMG is crucial for muscle activ-
ity assessment. This fact supports the combination of MMG and NMES to pro-
voke and record the muscle contraction, respectively. As a passive form of muscle
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recovery, NMES, which aims to activate and improve the function of peripheral mus-
cles through electrical intensity delivered to intact motor nerves, found use in treat-
ing individuals suffering from dyspnea or muscle weakness [20]. Hence, the muscle
integrity and force generation can be further improved by NMES-induced training,
which can lead to increased muscle size and fiber type transformation [21]. In par-
ticular, MMG obtained after NMES is crucial in monitoring the reduction in muscle
activation during the development of fatigue [22].

Early studies have highlighted the validity and reliability of field electrode stimu-
lation and MMG in terms of analyzing skeletal muscle function. The available
techniques for assessing human skeletal muscle activity during a diverse range of
applications should be comprehensively reviewed. Few review articles have iden-
tified the muscle weakness in geriatric [20], gait speed in the lower limb [23], and
the degree of spinal cord injury (SCI) [24], but the use of MMG from electrical exci-
tation of skeletal muscles has been limited to theoretical concepts [21, 22]. Hence,
this review assesses published studies on the use of MMG through NMES quantities
for the assessment of muscle function. Specifically, this review identifies electrically
induced MMG parameters related to health conditions of the upper limb, lower limb,
and other areas of the body, and further analyzes the results from different experi-
mental protocols used for specific muscles. This study also clarifies typical measures
associated with the strengths and weaknesses of MMG from NMES-based recording
methods for muscle performance. Then, assessment techniques of the muscle func-
tions are discussed, suggesting exploratory techniques to provide novel insights that
could lead to further improvements.

Collectively, intriguing issues have been concisely analyzed based on their applications
to further explore the relationship between the physiological mechanism underlying a
muscle and the level of physical function. In particular, this review identified studies that
examined fatigue and endurance during exercise and stretching, force, power, torque,
and muscle stiffness. In many respects, several studies reported the changes in MMG
parameters caused by sensor reposition. Thus, motivated other research to develop and
validate NMES electrodes and MMG sensors, as detailed in this review.

Advancements have also been made to discover the origin and characteristics of
MMG, further discussing four terminologies: phonomyography (PMG), vibromyo-
graphy (VMG), kinemyography (KMG), and acceleromyography. Their temporal and
spectral feature representations have been used in evaluating muscle fatigue, force, and
torque and in clinical monitoring using polynomial regression and linear correlation
analysis. These provide evidence of MMG and NMES for the assessment of skeletal mus-
cle function to synthesize the insights for stimulating and recording approaches in terms
of the protocol design, equipment maneuvers, and performance evaluation in clinical
and experimental settings. Although the review did not relate to machine learning, few
studies have used support vector regression (SVR), support vector machine (SVM), and
artificial neural network (ANN) to enhance the reliability of electrically evoked MMG
characteristics in force, torque, and fatigue assessment. It is likely that these findings
are deemed useful to further understand the muscle function and restoration and could
guide for further action when specific features of MMG signals through NMES pro-
grams are required for a specific experiment.
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Methods

Data extraction

The studies analyzed on this research have been extracted from Scopus and SpringerLink
electronic databases. These studies were identified by taking into account research works
published between 2000 and 2020 using a combination of search keywords as shown in
Fig. 1. This search yielded a significant number of studies that were then screened using
inclusion and exclusion criteria. Initial selection evaluated the titles to identify stud-
ies on MMG through electrical muscle stimulation before full-text screening. The data
extraction technique removed unreliable and nonpeer-reviewed articles and any dupli-
cates. Studies with unclear methodology and articles written in language rather than
English were removed from this review. In total, 336 articles, which were identified using
this search strategy, were individually examined for eligibility for inclusion in the final

Initial search articles
from Springer Link
using key words data
base (n=94)

} }

Total records from 2 electronic database
using keywords (n=336)

Initial search articles
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Fig. 1 Flowchart of the article search
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study. However, 3 of the 336 articles were not included in the final screening as the man-
uscripts were not written in English language; in addition, 16, 16, and 24 other articles
were removed from the final set as they discussed animal studies, were duplicate articles,
and did not provide sufficient information. Moreover, 201 additional articles were elimi-
nated after a review of their titles and abstracts was conducted, and this review further
indicated that 33 of the studies evaluated MMG but did not include NMES, 81 discussed
NMES but did not perform an MMG analysis, 72 did not evaluate MMG nor electro-
myostimulation, and 15 were review articles. An additional screening resulted in the
exclusion of 8 studies due to an unclear methodology, and 6 other studies were further
removed because they did not evaluate the muscles. The final screening resulted into 62
articles that were considered for the review, as shown in Fig. 1. Using the same eligibility
criteria, screening of the bibliography in the 62 studies identified 2 articles that provided
supporting information to avoid ambiguity not clarified in all the 62 studies.

Data analysis

In total, 64 articles related to NMES and MMG were considered in this review, of which
18 highlight the application of electrically elicited MMG in fatigue assessment, 6 argued
stiffness, 9 evaluated for muscle contributions to joint torque, and 4 studies addressed
the assessment of force. Moreover, this investigation yielded six studies discussing the
further validation of NMES technique for specific substrates in MMG signal acquisition;
meanwhile, one study adopted respiratory muscle activity from the electrically elicited
motor nerve. Furthermore, 13 and 6 articles, involving electrical activation of muscles,
have examined the reliability of MMG parameters under experimental and clinical set-
tings, respectively, whereas one article evaluated an approach involving MMG and elec-
trically triggered ultrafast imaging system in real time to record small fiber contraction
in the region of interest of a target muscle. NMES parameters, MMG features, type of
sensors used, electrode sites, and the experimental protocol were then extracted from
each article.

Analysis and discussion of MMG and NMES
Reliability of MMG measurements
Sensor sites
As shown in Table 1, four records [25—-28] have been identified to examine the effects of
electrode sites on MMG. The authors of one of these studies [25] found that the skinfold
thickness can influence the EMG M-waves and MMG gross lateral movement recorded
from electrically excited VL and rectus femoris (RF) muscles. As a measurement of the
muscle belly displacement, the findings obtained in another previous study [26] revealed
the efficacy of tensiomyography (TMG) in terms of detecting muscle contractile param-
eters with varying inter-electrode distance (IED). However, due to electrodes reposi-
tioning, a decrease in IED from£5 to+3 cm has been observed to lower the maximum
muscle displacement. Thus, these researchers claimed that IED should be maintained
during experiments that require electrode repositioning.

In clinical settings, where muscle disuse might lead to physiological weakness, TMG
can be used for estimating muscle mass recovery. Using ultrasound scans of the vas-
tus medialis obliquus (VMO) and vastus medialis longus (VML), the thickness and
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pennation angle were measured, and TMG signals were then obtained at the same meas-
urement site. The authors found that TMG was deemed reliable for the assessment of
muscle degradation [27]. Besides, a previous study [28] has showed that the application
of a similar twitch type to two separate regions yielded different values of contraction
time (7)) values. Thus, TMG can be used to detect the structure and function of the
VML and VMO and should be verified for other muscles.

The results from these studies on the reliability of muscle function assessment showed
that the functionality of TMG to detect the small muscle displacement gave the impres-
sion to record muscle contraction at different sensors’ positions. Besides, these studies
support the contention that the muscle belly displacement signal is influenced by IED.
Hence, the interval between sensor positions on muscles should be kept constant in the
studies of muscle activities using their mechanics. Further investigation should also shed
light on the TMG characteristics considering the changes in muscle dimensions and
positions for different tasks and postures.

Stimulation protocol and muscle responses

As presented in Table 2, nine studies [29-37] have been determined to examine the
effects of the duration of the stimulation pulse on the muscle contractile properties.
Some researchers [29] showed that the application of a percutaneous neuromuscu-
lar stimulation to the gastrocnemius medialis (GM) between 300 and 500 ps resulted
in the displacement of the lateral belly and fixed contractile properties. The authors
have recommended that the effects of skin impedance and other physiological modera-
tors should be further examined. In another previous study [30], Yoichi Ohta evaluated
the effect of nonisometric muscle contraction on joint kinematics and its reliability for
detecting MMG responses. In this particular study, it was found that increases in the
inter-pulse intervals or the number of stimuli yielded MMG signals that exhibited poor
correlation with the changes in the excursion and angular velocity. Similarly, another
study [31] revealed that the inter-day and inter-stimulus interval and the joint angle have
altered the Dm, sustain time, and delay time, even though the obtained TMG param-
eters were deemed reliable.

The literature also demonstrates that the NMES frequency does not correlate with the
MMG frequency response. Papcke et al. [32] reported that during NMES at 5% maxi-
mum voluntary isometric contraction, the application of a 20-, 25-, 30-, 35-, 40-, 45-,
50-, 75-, and 100-Hz stimulation frequency did not correlate with any of the three axes
analyzed during the Cauchy wavelet-based frequency analysis of MMG signals from the
RE. Specifically, the mechanical characteristics of the RF have exhibited a frequency of
20-25 Hz that differs from and is not governed by the stimulation frequency. Hence,
this study revealed that a high frequency does not impact the MMG characteristics and,
therefore, does not affect the application of MMG in neuroprosthetics.

Postactivation potentiation (PAP) has been determined to be dependent on the
joint angle and fiber composition. Specifically, a previous study [33] found a differ-
ence in the inter-muscle MMG due to PAP of the SOL and GM muscles at the ankle
joint. After MVC in the neutral and dorsiflexion directions, a single stimulus was
delivered, and a recording uniaxial accelerometer was positioned between two dis-

tal and proximal EMG electrodes on each muscle belly. After applying a stimulation



Page 9 of 47

(2021) 20:1

Uwamabhoro et al. BioMed Eng OnLine

Jeauljou ZH 001 PUe S/ '0S 'St '0F 'S¢ Wwo 1/0LF6LL
S| sasuodsal DN puUe sapusnbaly  ‘0E ‘SZ ‘07 18 PRIRINPOW ZHY | 1B sapuanbaiy 1yb12Y ‘6% 809 F £'6/ Ssew (3122 9314 'DO9TLVYINN
SN u2am1aq diysuone@iayl  SINN DUlU AQ PR1IDXD SBM SAIDU [eIOWD) 3y ‘SIeak GO F €| 7 obe ‘sjew Ayjeay ¢ | 4y P60 WW gL X €) J1919WO0I9|90dY €]

9suodsal DA 3Y} UO UOIDRIIUOD [PUIXBLUGNS JO 1034 D43 JO sisA|eue i Apnig
PaULISA 90 PINOYS 9sU0dsa1 UORRINWIS [eWIXeUl 2|qissod 3yl SI0M 21ning
UOIIDRIIUOD YdUM] UO spuadap sadeys ajasnu pa[apow JO SWIS) Ul UOIIDBIIUOD 2SN JO UoIel1aIdIalul 3y} Hjewsy

sAep z ay1 U9am1aq pasedwiod 4am
(W) JuswWade|dsp [eUIXew pue (1]) awp

uonexe[al ‘(SL) dWi} PauleIsns ‘(31) Wi uon By 67l F /8.
-DBJIU0D ‘(pL) dwin Aejap ay ] sAep aieledss ¢ ssew Apoq ‘WD 7’6 F6'9/1 (e1uaA0|S ‘BURMgN(T “P17 DING) “DINL
sAep 7 Jojuedyiubis sem siaiawiesed U0 S O7—01 0§ 1594 1€ WIe Y1 YIM 06 'S 0L bRy ‘sieak '/ F 567 be {(PUBLISZUMS ‘SUS|QNIT ‘SY [eDIPAN
O JO ANIge121 159124-1591 9y 1 pauoiisod gg Syl 01 PaIdAIDP Sem S S-01 Y 's103(gNs 9[eWId) 7 pue djeW €| 99 xadwoD) sepoi1daje bunenuwins 53 [l

si212wWesed 3[132L1IUOD 3|DSNU UO UoRRINP 3S|Nd-121Ul Y1 JO 19313 31 JO Sishjeue :¢ ApNig
UOIBINWIS [PD1ID3]2 [BUOIIDUNS BUISN JUSWSAOW 1UIOf 131Ul 9U3 JO [0JIUOD 33 JOJ PRISPISUOD 3¢ 10U pinoys sabueyd anbiol syeway

SW Q0L pue 08 ‘0s ‘o
‘0€ ‘02 ‘01 JO [2AIRIUI 95|Nd-123U1 UR 18 PUDIS|

sonewaupy Julof ursabueyd  -uiwipe a19m sasind (ZH-001) SW-01 3Y3 1531 By SSFesL (ueder ‘SN| SUSSIPAN “LOL-0L-0L LW

91 YlIM uo11e[91103 100d e palgiyxa ulw-G—| e AQ patesedas sasind uoneinuwins Wybem ‘'wd |'6F €/ 1 1yblay 'S/W g6 =D a1aym b/AW 00§ =Al

DWW 243 ‘1jnWRS JO SIaguinu 1o 14BI9 puUB UASS IN0J ‘9143 ‘OM] ‘DUO Ja1je 'sIeak 67 F /T (SQS F sueaw) -AIISUDS ‘D G/'0=SSeW ‘W G ="S53u
S|eAIDIUI 3S|NA-I21UI JUSIDYIP 1Y PaINSEaW UM DN PUB JUlof Spjue 9y | obe 's109(gns sjew Ayieay g V1 SPIY3) 1912W0I3|3I8 WW-6 DN og]

DINW PUe sia1auieled JUlof U0 UOIIBAIDE 3]2SNUI DLISWOSI-UOU JO 193)43 7 ApNS
2IN1NJ Y1 Ul P1eN[eAS 97 1SNU SI01RISPOU JSL10 U0 3duepadull UIXS JO 109443 91 PUE S3ISNW JSYI0 H}IOM 21niNn4
st 00E MO[3( PaIRAIIDR Aj[PUIXBW DI9M SISQY DU JO SUOU pue ‘s 0OE 01 0§ WOJ) PISEaID9P UOIIDBIIUOD SN JO D1e) PUB JUSWIR|dSIP [e1ale] aY3 Bleuwdy

(wrigl =uon

-NJOS3l ‘WW §'0 X 90°0 =92IS
weaqg ‘Mw 0z'0=1ndino samod
'1958| Pl 3|qISIA WU-0/9 B YIM

oW Aq P12319p Sem w( wieaq BuIsuas ‘g ssepd SN ‘NN
Pa123|J2) SUOIIDRIIUOD JPSNUI Y3 DWIA 83U Ul 9Se1DU] JaY1INy OU [1uUn s77 005 sieak €661 ‘sijodeauuly ‘buesuibuy Jsuueg
pa1edu) asind ay) Jo UopeINP 3y 01 0§ WOJ) Paseadul alam sasind uonenuwing abe 102[gns ajew Ayesy 0| g9  NdSOVOLDT [2pPOW) JOSUSS 135e| :DINIA 621

S3INSeaL 3|112BIIUOD UO S3s|nd UOMRINWIAS JO UOIRIND 3Y3 Ul SaBUBYD JO 199449 a3 JO SisAjeue :| Apnis

sjnsay KBojopoyiay jaseleg 9IS P04 9d£) apo11d3J3 pue JosUdS  sioyiny

sasuodsai a|13oe13u0d 3Psnw uo sid)awesed [eubis uoie|NWINS JO SIBY] T d|qeL



Page 10 of 47

(2021) 20:1

Uwamabhoro et al. BioMed Eng OnLine

(S0°0>d) 44 243 Jo ANIAIDR (pewuaq NAIS|E 15910

DA 3Y3 Ul sabueyd ou pamoys uiw Q| 4oy dnoib Sy g1 9y Jo B3| 1ueujwop SIPAIA {S-00-IA JOSUSS aN|g) SepOos)

UOIBINUINS J9YJe PUB 210437 B3| JueU -UOU 33 JO 4y 3y} Jo uonexejai Joj palidde  wd 'L F€8/1 Wby By 'ZF0'S/ -D3|2 a2eyns Jejodiq DBY/OV :DINI

-JWOP BY} WOJ) UOIIDRIIUOD DIIDWIOS| SEM JJO S 0| PUB UO S 0] JO 3]2AD e ‘uoleInp 1ybiom ‘sieak €| Fg'Gz abe 's10af (VSN YN 1SIa4WY I9sIY 'YS0E8
AJeyunjon wnwixew pue oN3 ONW - asind sr-00g e Yum zH 00 | 18 UORBINWIS JOYY -gNs 9jew Pa100J-1ybI Ayeay 9¢ 44 uleag-y)) Ja1awoss|dde B-'9 DA [s€]

qUUI| [B4218[R11UOD BU1 UO UOISSSS UOMIR|NUWIIS SDBANS [RIDIR[IUN JO 10949 1§ APNIS
Buiuiel) pue Jspuab ‘Uoisoduwod Jagy 3|snU ‘UoISOdWod APod a3 Joj JUNOIIE PINOYS SAIPNIS JISYLING SI0M 3ININH
AJSUS1UJ DU Ul S35IDUI YIM PRUIDIP PUB ALSUSIUI UOIIBINWIIS MO| B 18 JI3BUO| SeM (XBIAL | ) A1ISUSIUI WINWIXeUW-01-2WI} U3 1wy

pa1InIdal
ddoypy pue SBM DABM-\ UB [I3UN [eAISIUI 153U S-0| (Du] swisAs oedoig ‘€05713)
NH U99M13Q UONR[S1I0D 91eI9POW UM SIUSWRIDUI A-G 0} -0 | 3B dABM 31enbs $9p0I12319 DOY-DBY DT (VSN ‘YN
B PIMOYS SIABM-|\| PUB X3|J21-H 0} SW- |0 aY3 Buisealdul Ag 9asnu SN3JOS 3y sledk | F6l 'POOMION “DU] ‘s921Aa( anbojeuy
Buipuodsaliod HNFS WNWIXew Y| 10} paddew sem aAIND JUSUWINIDA N-H Uy obe 's103[gNs 9jewa) G pue Sew € 9|2SNW SN3J0S ‘0EETIXAY) 1919WO0I|2208 DN €]
S9ISNW [P1D]3YS JO SANDO[SA UOI1DBIIUOD pUe ANISUIUI Y} JO SIsAjeue i/ Apmis
3PsNW Y3 Jo saiiadold 3)139eIu0d 3y S1USSIAI dd-DNIN PIYOAS U1 did Jo1e Bieway
DAW =Yl Jole s 081
pUB 09 ‘0€ ‘S| ‘T PYOAS 249M SUOIIDRIIUOD
UO[1DRIIUOD 3|SNW Ul sabueyd UDHM “I[NWIAS YDHM] UDeD 10} PRISAIIDP
103]J3J SUOIIDBIIUOD YDYIM] PIXOAD 2J9M |eAISIUI S-G B 1P UOIIDRIIUOD DUISWOS] 6% '/ F8/9ybrom (;S/Wg6=0
31 J3)ye paInseaw HININ DA Ja1e 9313 1524 UIW-Q | B pUB SARM-|A 31 dUIW ‘WY F 0/ YbIay ‘sieak g6z 2UYM ‘B/AW 005 = AUAIISUS ‘ueder
puUNoy} Sem aABM-|A dY3 Ul abueyd oN -1919p 01 UONEINWIS [ewlixeweidns Joyy obe 's103[gns sjew Ayyjeay 0| B DU ‘SUSSIPAN ‘LOL-0L-0L LdW) DWW €]

DA UO uoneua10d uoieAIde-150d JO 193413 Y3 JO Sisk|eue :g Apnig
SUOI}IPUOD OMI 3} US9MISQ PUNO) SBM UOIX3| Jerue|d 10 divd Ul 9dUiagip Juedyiubis ou Ing “JOS ULyl uoieinu1od 121ealh pasmoys DA 41 JO UoRIsod [e1nau pue UoIX3ISIOP S-01 & Hjewsy

uolxal Jeueld jewxeweldns s-0 | (ueder ‘SUISIPAN ‘0 L-10 L dW [2pow

dN pue 4 18 105 ueyl spnijdwe  131je pue 210430 PaINSeaW SeM DA PSNOAS "6 G/'0=SSeW ‘WW G X § X 6=SUOIS

DN 1241y & pamoys D 4L 'pa1ed ayL Ut o1 Joe payjdde sem snjnuiis Suo 6% 1'9 9F 'L/ SSeW WD €9 -USWIp) J213WOI3[2DIE [eIXeIun

-11S9AU] sem 3|Bue uoixayy Jeaueld ay3 PUB ‘UIW G 10} UIW | KIS PRISAIIDP Sem 9F 1'9/1 WbIaY ‘sieak /'€ F98'97 DIAIW ‘9DURISIP 9P0I13|3-I21U]
UM S9SN Yyioq Jo uoiepuiod ay | asind sr-00S B ‘DAW S-01 B Jaye pue aloeg  (sOS F sueawl) abe ‘s109[gns ajew g JOS pPuUB DWW Gz 121awelp dn-yaid Wiw-| | DN [€€]

S3|PSNW 211SIBISUAS JO DA 241 UO UOIeIUS10d UOIAIIE-150d JO 199)J 943 JO SIsA|eue :g Apnis
921ASp dl12yisoidoinau e Jo uonedidde syl 10 193ye 10U SS0P SNY1 pue sonsieIdrleyd dlydeiboAwoueydaw 8y 10edwi 10U s30p Adusnbaiy ybiy e iewsy

synsay KBojopoyia jaseleg 9IS 3po4ddI 9dA) 9po13d3|3 pue JOSUIS  sioyiny

(penunuod) zsjqey



Page 11 of 47

(2021) 20:1

Uwamabhoro et al. BioMed Eng OnLine

sopnijdue

AWINY JO SaW A19A0D31 pUB 195UO

paoNPaJ 0JU] PYNS3I UOIRINWINAS
Jjue1a) ‘AydelboAwols|ad2e 01 JoLd

pa1eH11SIAUL 3 PINOYS UOIIdUNY AN BULIOHUOW UO AUAINSUDS JO 109449 S SIOM 4nIN4
0111 401 Y3 UO 22UdN|UI OU sey ds Bjieway

(VW 0§ pue’s Gz 05) paie|nuins /BN 1°ST |G 's1eak 6/t abe
Aj|ed1ue1al sem S dnolo puey Jayio syl 'S dnolb ul sajew) G pue sajew
01Ul Pa123[Ul SeAM WUNIUOINDOI PUB ‘Ul 07 L1 5,W/B% 96T IING ‘siedk 6y abe (pueai) ‘uligng ‘uouebliQ
J3AO S G| AI9AS 4O ZH-C PaAIRdal D dnoin ‘> dnoib ul ssjewsy £ pue ssjew /| sljjod 101onpqy XS Yo1epM—(40 L) INOJ JO uresl) HNINY [og]

Bupionuow (gWN) 9Pe320|q JB[NISNWIOINSU UO Uouauwouayd asediie1s ayi JO 19949 a1 JO Sisjeue 6 Apnig
pa1e611SaAUI 8¢ PINOYS 9|2SNW Y1 JO Yibua| pue ssew ‘A1pIBL 'UoISUS] 9yl UO SN|NWNS Yl 01 Swil} 21nsodxa BUO| e JO aduanjul 941 HIOM 2In1n4

SNINWIS 9Y3 01 dW 24Nsodxa 1oYs 8yl 01 anp 2q P|Nod sabueyd [EIIUBYIIW JO 3DB| S iewdYy

S}|nsay

KBojopoyiay jaseleg 9IS 3po4ddI 9dA) 3po13d3|3 pue JOSUIS  sioyiny

(penunuod) zsjqey



Uwamabhoro et al. BioMed Eng OnLine (2021) 20:1 Page 12 of 47

protocol similar to that applied in pre-MVC, simultaneous and individual MMG
measurements yielded a higher peak-to-peak MMG amplitude from the GM than
the SOL in the neutral and dorsiflexion directions. As both muscles were potenti-
ated, it was determined that the magnitude of the PAP depended on the joint angle
and composition of fiber types. Another previous study [34] used percutaneous neu-
romuscular electrical stimulation of the tibial nerve and twitch torque to evaluate
the MMG and EMG responses of the GM. Thus, a positive correlation was found for
the MMGj,, with both pT and acceleration of twitch torque development (d2T/dt?).
Moreover, it was determined that the evoked MMG signals mirror the PAP force
and that the mechanical changes in the muscles are deemed related to an increase
in the twitch contraction. These findings reveal the reliability of MMG in character-
izing the contractile properties of a muscle after PAP. Moreover, another study [35]
has noted a stable MMG response before and after electrical excitation of non-domi-
nant RF, despite increases in the EMG response and strength. In this particular study,
it was suggested that a high exposure time can improve the mechanical behaviors.
Meanwhile, another study [36] has evaluated the onset time, recovery time, and rate
of changes in piezoelectric myographic amplitudes after a tetanic stimulation of the
ulnar nerve, wherein reductions in the onset and recovery times were observed prior
to measured myograph.

Specifically, the wavelet-based intensity analysis was reported to provide insight
into the spectral characterization of individual muscle contractile properties. Using
both MMG and surface (SEMGQG), the correlation between the MMG and H-reflexes
was determined to support the hypothesis that muscle mechanics may provide insight
into muscle recruitment strategy. The authors suggest that future work should eval-
uate the clinical implication of the MMG signals corresponding to H-reflexes and
M-waves [37].

Insights from the reliability of muscles recruitment and function monitoring
have shown that the stimulation pulse duration [29], number of stimuli [30], pulse
rate [31], and joint angles [28, 34] provide global insights for elucidating the rela-
tionship between muscle contraction and recovery of their mechanical properties.
Furthermore, the muscle fiber types and joint angles have been identified as two of
the factors affecting the PAP [34]. Because MMG provides useful information on
the musculoskeletal system, various MMG features, such as the onset time, recov-
ery time, and relaxation time, should be examined after PAP [36, 37]. In contrast, no
correlation was found between the frequency of stimulation and the MMG response
[32]. Based on this perspective, the reliability of muscle recruitment and mechanical
features remains an issue that should be addressed in future studies. In addition, the
tissue underlying the skin, viscoelastic properties, and motor tendon units could alter
the behaviors of the MMG signal. Therefore, muscle excitation and feature extraction
techniques should be verified for output repeatable measurements. Interestingly, the
variable and fixed contractile properties of the BB muscle’s belly for known stimula-
tion pulses were observed. Hence, a new parameter, namely, M + H, from the wavelet
intensity analysis using both MMG and sSEMG through NMES coupling encourages
further verification of the technique for muscle recruitment using the stimulating sig-
nal pulses duration and frequencies of different muscles.
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Studies on the electrodes for NMES and sensors for MMG measurement

As shown in Table 3, six studies [38—43] have been determined to discuss the perfor-
mance of developed electrodes and sensors in MMG and electrical muscle stimulation
settings, further describing their ongoing development. In one study [38], a silver (Ag)-
polydimethylsiloxane (PDMS) composite was developed and used for electrical muscu-
lar activation. After fabrication, single and array electrodes were then used to excite the
BB muscle. Their functionalities have been evaluated by comparing the MMG signals
detected after electromyostimulation of the BB using the newly developed single and
array electrodes to the ones detected using commercial NMES electrodes. As per the
results, it was shown that the MMG signals obtained with single rather than array elec-
trodes appeared to have a higher range. As such, ES of a specific muscle by single Ag—
PDMS electrode is deemed more effective than array electrodes. Thus, single electrode
yields a better signal-to-noise ratio compared with array electrodes. Array electrodes,
on the other hand, have been determined to be crucial for wearable devices, particularly
in cases in where nonuniform contact region could be present and where continuous
NMES is needed.

Another previous study [39] has evaluated the applicability of a galvanometer-attached
lever and skin indentor in MMG signal detection. During isometric contraction of the
calf muscles, a dynamometer was used to record the surface response 3 cm from the
motor point of the GM muscle. The contraction force was then recorded by a load cell.
After the application of single-twitch electric intensity, an accelerometer was utilized
to detect the target contraction on the skin surface. During evaluation of the effect of
indention and muscle contraction, the amplitude RMS showed a proportional increase
during contraction; furthermore, constant mean frequencies were observed. The accel-
erometer and galvanometer amplitudes were then preserved at 200 N, but their double
differentiation output reportedly decreased by 9%. A unity cross-correlation coefficient
confirmed the validity of using a galvanometer for recording MMG signals.

Interestingly, the availability of different forms of MMG recording devices has encour-
aged the examination of the validity of a micromachined acceleration sensor for TMG
[40]. Simultaneous recordings, coupled with a linear optical encoder-based displace-
ment sensor and accelerometer, were obtained to acquire the muscle belly displacement
at 100 data points per 1 s; in this experiment, a bandwidth of 2300 Hz was observed after
a single-twitch square-wave stimulus of the BB. Based on previous studies, the research-
ers found that the results agreed with the minimal allowable threshold amplitude and
a window length of 1 mm. The standard deviation of the double integration of the lin-
ear displacement MMG increased over time. The mean relative error, the maximum
displacement (Dm), and %T, were 0.02 mm, 0.6, and 3 ms, respectively. Therefore, this
study has confirmed that the microelectromechanical system (MEMS) accelerometer
can be used to detect short-term small muscle displacement.

Meanwhile, another study [41] has examined the performance of displacement and
acceleration transducers using a system identification method, with electrical stimuli
as the input and acceleration (AMMG) or displacement (DMMG) as the output. Based
on this study, it was determined that DMMG at a natural frequency of 3 Hz was suit-
able as a longitudinal mechanical feature, whereas AMMG was found to be of advantage
when used for reflecting both the longitudinal and transverse mechanical characteristics
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of muscles, subcutaneous tissue, and the skin. However, a 3-Hz higher fluctuation was
noted for AMMG compared with DMMG. Although the sensors showed good perfor-
mance in measuring underlying events, some evidence shows the importance of the
transduction rate and sensitive parameters. In another previous study [42], it was found
that a laser-displacement sensor (LDS) and a contact-displacement sensor (CDS) exhib-
ited satisfactory reliability after four tests conducted over 2 weeks. Despite the recovery
Tc and D, ,,,
value during the recovery period. Despite the slower Tc of CDS, it was found that the

the half-relaxation time (%2T,) exhibited poor recovery to its pre-fatigued

sensor might detect individual muscle actions, whereas noncontact LDS exhibits some
limitations, and this uniformity is thought to limit the inter-changeability of these
Sensors.

Meanwhile, another previous study [43] has compared the average and peak torques
measured using a commercial dynamometer, with the torque estimated using a mus-
cle contraction sensor (MCS) during functional electrical stimulation evoked muscle
contraction. The results showed that the signals obtained using MCS and dynamom-
eter were strongly correlated, which indicated that these sensors can be used instead.
Although some limitations such as different responses of the LDS and CDS, AMMG
and DMMG, effectiveness of VMG than MCS in muscle fatigue assessment for SCI
population [44], there exist proof that confirms their validity in the myographic signal
recording. Based on recent insights on selecting MMG sensors [45, 46], experimental
verification with similar conditions and recording sites may provide better conclusions.
A comparison of MMG recorded using MEMS accelerometer for TMG measurement
showed that the MEMS accelerometer is reliable in terms of detecting small muscle dis-
placement. AMMG was also found to measure both longitudinal and transverse muscle
characteristics and subcutaneous tissues. In addition, the lack of fast recovery of %Tr in
LDS and slower CT response in CDS appear to be somewhat favor accelerometers as
MMG sensors. Other available sensors such as piezoelectric sensors and MCS require
further comparisons with MEMS accelerometers.

Fatigue assessment

In total, 18 of the 64 records have been identified to describe the examination of
muscle fatigue using MMG and NMES protocols. Among these 18 studies, 10 arti-
cles in Table 4 utilized various techniques for the quantification of fatigue, 4 arti-
cles in Table 5 documented fatigue and muscle physiology, and 4 articles in Table 6
reported the relevance of fatigue and endurance. In one study [47], the development
of fatigue was examined at 10%MVCjomin Wrist extension during a 20-min pre-exper-
iment and its recovery over 10, 30, 90, and 150 min under low-force contraction. The
force analysis was conducted at 1, 20, and 100 Hz. The low-frequency fatigue (LFF)
was measured as the response of the ratio of the 20- to 100-Hz of stimulating sig-
nal. The EMGrpmsandMMGgrps values were observed to increase at the force ratio
of 20/100 Hz at 10% maximum MVC within 10 and 30 min of recovery. No signifi-
cant changes were noted in the 80% MVC test. In addition, no change in the mean
power frequency (MPF) values was observed at 5% MVC, whereas a decrease before
the experiment at 10% MVC and after 90—150 min was detected. Therefore, these
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findings reveal that low-force muscle contraction leads to prolonged LFF, as identified
by EMG and MMG. These results are supported by [48] where LFF was observed for
2 h after a 5% MVC hand grip for 30 min.

Meanwhile, four studies [49-52] have evaluated muscle behavior after fatiguing stimu-
lation for 120 s, followed by tetanic stimulation at 1, 2, and 7 min. One of these studies
[49] evaluated the changes in electromechanical delay components from the GM. The
Delay o values were determined based on the RMS and MF of the EMG, MMG, and
force. All measurements were obtained from a time frame of 250 ps during fatiguing
stimulation. During a 120-s stimulation, MMGrnms was noted to show stable patterns
over the first 90 s, but then decreased until the end of the stimulation. The MF of MMG
presented a strong reduction during the first 10 s; then, it monotonically decreased until
the end of stimulation. In contrast, the EMGrps increased by 40% during the first 70 s
before it returned to its initial values, whereas the MF components presented reductions
starting after the first 10 s until the end of the stimulation. In this study, various elec-
trochemical and mechanical components were identified, and the researchers reported
that the detected delay correlated with the tested EMG, MMG, and force parameters.
In addition, the researchers claim that the mechanical events (A t MMG-F) provided a
highly reliable measure of fatigue. These findings were consistent with those obtained
in another study [50] that investigated the effect of fatigue on the delay in force devel-
opment (Delayqy) from GM during 35-Hz fatiguing stimulation for 120 s. Before and
after the induction of fatigue, a couple of tetanic stimulations were administered, with a
resting interval of 10 min, and the effect of fatigue was indicated by the reductions in pF
and MMG,_,. The results also showed that fatigue lengthened the delay, which in turn
affected its electromechanical and electrochemical components.

Similarly, another study [51] has examined the impacts of fatigue on electrome-
chanical delay components and assessed the inter-day and inter-session reliability
during relaxation after tetanic and fatiguing stimulation protocols, same as those
used in the above-mentioned study [50]. The results demonstrated that the increase
in R — Delay oy paralleled the increase noted in electrochemical components and the
first mechanical component measured after fatigue, whereas the second mechanical
component, which was an electromechanical component measured at the onset of the
force decay and the negative MMG peak values, did not change. Therefore, a low con-
tribution to the R — Delay o1 was found.

The aims of another study [52] were twofold: (1) to examine the correlations
between peak-to-peak MMG and other force parameters and (2) to validate the inter-
day reliability of mechanical parameters of the MMG signals induced by a tetanic
stimulation before and after the NMES to fatigue. The authors reported that pT,
MMGpp, R — MMGp_p, and the acceleration of force development, the slope, and
relaxation decreased after fatiguing stimulation, but the relaxation time (RT), CT, and
T were noted to increase. The relaxation MMG (R — MMGp_p) correlated with the
MMGp-_p, slope, T, pT, and the acceleration of force development (D2RFD) before and
after fatigue. Due to the high intraclass correlation coefficient between the MMG and
force parameters obtained from different experimental sessions on different days, it
was concluded that the MMG is a viable alternative to force in terms of examining
fatigue-induced changes during muscle relaxation.
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Furthermore, Macgregor et al. [53] have examined muscle fatigue based on muscle
tension through the temporal and spatial displacement recorded from GM before and
after supramaximal stimulation through a process known as TMG. As per the result of
this study, a significant (P<0.001) decline was noted in the peak force measured with
MVC; thus, it was hypothesized that this decline was in line with the decrease in the
TMG Dm (P=0.031). Similarly, the researchers claimed that the passive muscle tension
from the plantar flexor increased.

In a previous study [54], the mel frequency cepstral coefficient (MFCC) and MMGgrws
were used to train an SVM classifier for the identification of fatigued and non-fatigued
RF, VL, and vastus medialis in SCI. MFCC were then obtained as its time-localized fre-
quency information using short-time Fourier transform of a stationary signal with a win-
dow frame of 25 ms. The MFCC features exhibited 90.7% accuracy, whereas the RMS
feature only showed 74.5% accuracy.

Meanwhile, three studies [55-57] have also examined muscle fatigue via analyz-
ing torque and MMG profiles. One of these studies [55] assessed the MMG responses
from the quadriceps muscles to quantify its changes between pre- and post-fatiguing
conditions in SCI patients in NMES-evoked cycling. The peak torque and normal-
ized MMGRrpms and MMGvpr values showed significant trends between pre- and post-
electrical excitation for individual muscles. The researchers also observed a change in
the MMG signals as a function of the cycling time for the VL, RF, and VM muscles.
Typically, MMGRrms and epT significantly (P<0.05) decrease as the leg cycling exercise
increases for the quadriceps groups.

On the other hand, Massimiliano Gobbo and colleagues [57] have investigated the
validity of MMG to assess the fatigue that develops during NMES in rehabilitation ser-
vices. After a fatiguing stimulation of 50 single twitch and 2 Hz for 25 s, a correlation
was found between the mean values of normalized pT% and MMGpp %. It was further
reported that pT % and MMGpp % decreased from 100% of their initial values to 50 and
60% for the BB, respectively, and to 43 and 47% for the VL, respectively. In addition, the
decreases in pT% and MMGpp % exhibited a different linear correlation. Thus, the intro-
duction of electrical activation of skeletal muscles and MMG responses into assistive
technology that involves analysis of torque of a particular muscle remains to be unclear.

Under both artificial electro-muscle excitation and MVC, Jo et al. [56] examined the
fatigue from the ankle joint and performed a torque analysis. The raw MMG data were
then extracted during 30 min of repeated stimulation of the tibialis anterior (TA) mus-
cle, sampled at 1 kHz and bandpass filtered at 8—100 Hz. The amplitude, i.e., convex-
hull, peak-to-peak, and Lempel-Ziv algorithm, and median and mean frequency-based
MMG features were also utilized for the quantification of fatigue of the TA muscle. The
ankle joint torque has been used to analyze fatigue after low-pass filtering of the raw
torque at a cutoff frequency of 3 Hz. The muscle fatigue was further indicated by a linear
decrease in torque during consecutive stimulation patterns. The coefficient of determi-
nation (r2) was 0.7823. However, it was noted that the frequency components of MMG
signals demonstrated a weak linear relationship with fatigue. Thus, the use of the stimu-
lation protocol relevant to NMES popular in clinical settings supports the finding that
the technique may fit the design of electrical muscle excitation feedback control system,
which is useful in assisting week/injured muscles.
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Four studies [58—61] have been identified to discuss the physiological behaviors after
fatigue administration. In one of these studies [58], the authors evaluated the correla-
tion between the temporal and spectral features of MMG from 10 SCI and 10 health
volunteers undergoing recovery by NMES.MMGRrms and MMGyr from the analysis of
window length were examined. An increase in RMS and a decrease in MF were then
observed from both groups. The authors concluded that the temporal features might
originate from the increased amplitude of mechanical wave from motor unit coherence,
whereas the decrease in MF might be attributed to motor unit adaptation.

On the other hand, two studies [59, 61] evaluated the effects of stretching on mechani-
cal and electrical responses, wherein both analyses found constant electrical parameters
but a divergence in the mechanical features. One of these studies [59] used a stretch-
ing protocol in order to evaluate the changes in the mechanical and electrical proper-
ties of EMG and MMG on GM. Significant decreases in the RMS and MF of EMG have
been noted, and a conduction velocity was observed after the fatiguing protocol. Simi-
larly, the RMS and peak-to-peak values of MMG were noted to decrease, whereas the
speed of electromechanical impulse and the %T, increased. The authors claimed that all
RMS values of EMG and MMG returned to their pre-fatigued values after stretching,
whereas the peak rate of force development, derived acceleration, and the %T, showed
further reductions. This led the researchers to a conclusion that the application of acute
stretching to previously fatigued muscles weakened the mechanical but not the electrical
properties.

In contrast, another study [61] has evaluated the electrical and mechanical manifesta-
tions of muscles after a set of six electrical stimulations before and after stretching. The
findings are in line with those obtained in the above-mentioned study [59], revealing no
significant changes in the EMG signal parameters. In addition, the study found reduc-
tions in the force acceleration, peak force, and peak-to-peak MMG values, and these
reductions were determined to be accompanied by a possible concomitant decrease in
muscle stiffness. Moreover, the researchers found a poor correlation between the MMG
and force parameters, wherein a bout of acute passive stretching alters the mechanical
but not the electrical parameters of electrically stimulated muscles.

Furthermore, the mechanical properties of skeletal muscles were also investigated in
a previous study [60], with the aim of characterizing the architectural changes in the
human MG under interpolation conditions. Using ultrasound images obtained from
electrically excited MG under plantar flexion at 20, 40, 60, 80, and 100% MVC, the
researchers found that superimposed MMG amplitudes exhibited a curvilinear decrease
accompanied by a fascicle shortening, with increases in the contraction intensity up
to 100% MVC. In contrast, the study argued that the superimposed twitch amplitude
decreased linearly with increases in the contraction intensity up to 80% MVC.

Four studies [62—65] have also reported on the use of MMG and fatigue as a reflection
of muscle endurance. One study [62] aimed to diagnose the drawback of exercise-based
improvements in disabled individuals. Assisted by electrical muscle activation, the walk-
ing speed and muscle endurance were compared to the working function and strength.
As per the endurance index, the endurance was noted to increase with increases in the
walking function in individuals with multiple sclerosis. Similarly, another study [63]
highlighted the dependency of the endurance index on MMG recorded from electrical
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activation of the erector spinae muscle compared with those from the voluntary or mus-
cle oxygen levels. Another study [64] has also used different stimulation protocols to
examine endurance in SCI-paralyzed patients under different workloads. The authors
reported that a high stimulation intensity, compared with the lower intensity, can lead to
increased muscle fatigue and hypothesized that the standard co-activation stimulation
protocols are less prone to cycling endurance time accounted in NMES-based functional
recovery compared with alternative stimulation.

Meanwhile, a previous study [65] evaluated the endurance, feeling of fatigue, and
mitochondria capacity using NMES, near-infrared spectroscopy (NIRS), and MMG at
different age ranges. The forearm flexors of 10 abled bodies and 16 Friedreich’s ataxia
(FRDA) were electrically stimulated for 3 min at 2, 4, and 6 Hz, with a resting interval
of 5 s. The MMG records indicated a considerable correlation in terms of mitochondrial
capacity, disease severity, and muscle-specific endurance in FRDA. Based on these find-
ings, it can be concluded that the disease frequency and progression in the FRDA popu-
lation can be monitored.

It was indicated that MMGQG signals are obtained from muscles, which represent the
different physiological conditions of those muscles through fatigue protocols. It is likely
that a decrease in spectral component during functional recovery produced by NMES
can be due to motor unit adaptation, whereas the increase in MMGg,s might be due
to motor unit coherence. In addition, a decline in MMG parameters and torque with
an increase in fatiguing NMES demonstrates the usefulness of electrical stimulation and
muscle mechanics in determining muscle injury in SCI population. Hence, fluctuation in
mechanical features manifested as a muscle response in different experiments requires
further exploration. It was also pointed out that LFF might be attributed to low % MVC.
However, this was contradictory to other studies as this was identified to be due to the
slower ability of muscles to recover their normal activity under low frequency or over-
lap between signals from damaged and fatigued muscles. The role of muscles mechanics
has also been determined using MFCC, which is a feature extraction technique that uses
speech signal processing and other nonstationary signals such as EMG classifications
and electroencephalography (EEG) [66]. As detailed in the literature, the developed
model exhibited good accuracy in muscle fatigue assessment. The features from MMG
have also reported the correlations among specific muscle endurance, mitochondrial
capacity, and diseases severity in FRDA population.

Collectively, the findings from these studies provide evidence that muscle fatigue
should be re-investigated. Specifically, the overlap between muscle damage and fatigue,
the decrease in the angle caused by muscle weakness, and the overlap between mus-
cle endurance and disease severity and progression in populations other than the FRDA
population should be further examined. Thus, muscle mechanics based on MMG has
been experimented in electrical stimulation-based cycling exercises but requires fur-
ther investigation in biofeedback control system required in assistive technology for the
limbs rehabilitation.

Force assessment
As presented in Table 7, four studies [67-70] have been determined to examine the
influence of muscle conditions on force and MMG recorded under NMES. One of these
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studies [69] has attempted to determine the effect of temperature on contractile param-
eters using temporal and spectral features of MMG signals. After electrical intensity was
delivered to the GM and SOL muscles, the force signals and MMG responses were exam-
ined under a controlled temperature. The authors of this study then reported a decrease
in the maximum peak force development and relaxation under cooling conditions. In
contrast, the CT and 4T, increased under hypothermia. Further, an increase in M-waves
was also noted, which justifies the decreases in the muscle conduction velocity. These
findings encourage the use of MMG for screening the muscular contractile behaviors
under varying physiological circumstances. The use of MMG-, EMG-, and force-based
approaches to evaluate the time course of stretching-induced changes in the mechanical
and viscoelastic properties of MTU was examined in [67, 68]. The findings obtained in
one of these studies [67] revealed that an increase in the EMD followed a reduction in
pF. The time delay between EMG and MMG recovered to its initial value within 15 min,
whereas the delay between MMG and force value was maintained for 2 h. These find-
ings only confirmed the effect of stretching and encouraged the use of MMG, EMG, and
force as indicators of the recovery of muscle properties after the induction of mechani-
cal stress on the MTU viscoelastic properties. On the one hand, pF and MMGpp did not
exhibit recovery, and on the other hand, the short recovery observed in MMGgys indi-
cated a recovery in the viscoelastic properties of parallel components after a short period
[68]. Biomechanical and physiological responses were also used to evaluate the slowing
of fatigue due to changes induced by occupational mechanical exposure. Using various
force amplitudes, another study [70] applied electrical stimulation quantities to the tri-
ceps brachii (TB) at 15% MVC to elicit LFF. Therefore, the subject performed MVC for
5 s, and the force was recorded for 3 s. The authors then concluded that (i) local fatigue
might be reduced in individuals performing low-load tasks and (ii) muscle rest does not
exert more marked effects than those predicted by variations in the force amplitude.
These findings imply that changes in mechanical action with or without rest delay can
reduce the rate of fatigue development compared with the development observed under
isometric, isotonic, and sustained conditions. Therefore, it was suggested that muscle
exposure to time-varying forces might reduce the degree of local fatigue during low-load
tasks. The observations described in this review highlighted the relationship of muscle
conditions, force, and daily tasks using MMG through NMES. Hence, muscles screening
should take physiological conditions and daily occupational exposure circumstances into
consideration.

Assessment of muscle stiffness
Using MMG and NMES, six studies [71-76] in Table 8 have been identified to exam-
ine muscle stiffness. One of these studies [75] has utilized evoked MMG signals from
voluntary MMG and walking acceleration in order to estimate stiffness. Combined with
the undamped natural frequency, the mass of the VL estimated as 0.99% of the subject’s
weight was also used in an attempt to estimate stiffness. The result was then compared
with the stiffness estimated using the identification technique, wherein muscle stiffness
was found to exhibit a prior relationship with both workload and power.

Furthermore, the analysis on the synchronous averaging of evoked MMGs in a pre-
vious study [71] was performed through identifying both longitudinal and transverse
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muscle stiffness from MMG signals obtained via electrical activation of the peroneal
nerve. A capacitor microphone and a differential circuit were used for recording pur-
poses. The stiffness was measured from a natural frequency, assuming that the mass of
the TA muscle equals 0.2% of the participant’s weight. In another study [76], the sin-
gular value decomposition (SVD) was used in determining the transfer function from
stimulated to evoked MMG signals. The velocity MMG yielded two natural frequency
components denoted as fl and f2: f1 mirrored the longitudinal stiffness, which was
approximated to the values in the displacement and acceleration MMG systems, and 2
was determined from the velocity MMG and was found to be similar to the natural fre-
quency of the acceleration MMG system. The resulting value was then regarded as the
transverse muscle stiffness but was not estimated from MMG signals. The displacement
and acceleration MMG yielded three natural frequencies, which were denoted as f1, {2,
and f3, and no significant difference was determined between the natural frequencies
from velocity and displacement MMG.

In the same study [76], electrical stimuli were transcutaneously delivered to the VL
muscle while the participants were ask to pedal an ergometer. The mass of the muscle
and the coefficient of the transfer function estimated using SVD, which was performed
as described in another previous study [71], were used in order to estimate the mus-
cle stiffness and viscous characteristics under low power output [74]. The authors then
observed a progressive increase in muscle stiffness as the pedal rate also increased. The
stiffness was approximated at P<0.025, with a decision coefficient of 0.984. However,
the viscous coefficient was determined to not increase. A possible reason for these find-
ings is the rubbing between active and inactive muscle fibers due to the force exerted
in direct proportion to the velocity. Clearly, this study has examined the muscle activ-
ity using EMG and found that EMGrys showed changes at different pedaling rates in
various subjects. In contrast, similar mean EMGRrums values were found at 40, 60, and
80 rpm. Thus, future studies should elucidate the mechanism underlying the associa-
tions among muscle stiffness, viscous coefficients, and muscle function.

More recently, another study [73] has examined the stiffness obtained based on the
GM dependency on gait speed. During treadmill training, stimulated and nonstimu-
lated MMGs were recorded from the GM, and the evoked MMG signals were then
used to identify the stiffness index based on the corresponding natural frequencies. The
researchers reported that the frequencies and thus the stiffness increased as the gait
speed increases.

The authors of a previous study [59] have also used changes in the joint angle torque to
estimate stiffness. The responses from electrical excitation of the GM, namely, the EMG,
MMGQ, and torque, were recorded to estimate the muscle stiffness before and after static
stretching. After dividing the information into electrochemical and mechanical compo-
nents, the offline R — Delay o1 was determined based on the force, EMG, and MMG
signals recorded at PT. A decrease in the main electromechanical component was then
observed as the joint angle increased before and after static stretching. This study has
also determined that during muscle relaxation, an increased dorsiflexion angle could be
attributed to joint stiffness rather than the electrochemical process.

Authors of this study have further demonstrated that the anthropometric features
and geometry of the limbs can contribute to joint stiffness and found that the frequency
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components increased as stiffness increases [76], even though the so-called viscous
coefficient did not seem to vary. In addition, the changes in the joint angle torque after
stretching tasks have exhibited a progressive decrease in electromechanical delay com-
ponents with increases in the joint angle at pT [72]. As what has been discussed in a
previous study [77], the effects of inactive and active muscles on the viscous coefficient
[75], subcutaneous tissue [73], MTU stiffness, and joint angles should be considered in
further studies [78]. It can be concluded that the anthropometric, electrochemical, and
mechanical components, daily physical tasks, and geometry of the muscles are of impor-
tance in terms of estimating for muscle stiffness using myographic signals.

Torque assessment

As presented in Table 9, nine studies [79-87] have reported that torque is mirrored by
the MMG features from electrically contracted muscles. The authors of one of these pre-
vious studies [79] used a combination of MMG and torque signals in determining the
dependency of the contractile properties of a muscle on its length. The BB was electri-
cally stimulated using 10- and 30-Hz fused and unfused tetanic stimulation, and then,
evoked flexion torque was measured at six joint angles ranging from 75° to 150° at 15°
increments. The RMS values of both the torque and MMG signals obtained with differ-
ent stimulation frequencies confirmed the reliability of MMG for evaluating the contrac-
tile properties of muscles. In addition, the findings have demonstrated that the torque
fluctuates with variations in the muscle length (Table 10).

Some researchers [87] have examined the effects of aging on muscles through a com-
parison of MMG and EMG features with torque’s profiles. The muscles of old and young
individuals were subjected to electromyostimulation before and after 10 s and then less
than 100% MVC, wherein both MMG and PT were observed to have been significantly
increased, but the M-waves remained steady. However, no effect of aging was detected.
During voluntary contraction, the MMG and EMG profiles in young and old men exhib-
ited similar shapes, which indicated that the electrical and mechanical properties of vol-
untary or artificial stimulation of muscles exhibited different behaviors at different ages.

Many studies have used a combination of MMG and torque signals in an effort to char-
acterize muscle mechanics. Using short and long stimulation pulses, the detected MMG
and torque signals yielded two transfer functions, and these functions were analyzed to
characterize the TA muscle joints. After stimulation intensity was delivered, the torque
was determined offline based on the tension recorded from the foot and ankle lever arm.
Therefore, the in vivo mechanical properties of muscle joints obtained using short stim-
ulation protocols were obtained from MMG and torque signals [80]. An analysis of the
torque, MMG, and EMG signals obtained under NMES with triangular trains with vary-
ing frequencies and amplitudes has yielded the muscle input/output relationship of the
TA under static contraction and thus showed the module of muscle force production
[81]. The relationship between the stimulation frequencies yielded the average torque,
MMG, and EMG signals for each 5% of the A frequency range from 2 Hz (0%) to 35 Hz
(100%). As per experimental results, an additional torque corresponds to an increase in
the extra-muscle displacement (MMG) during down-going ramp (DGR) rather than up-
going ramp (UGR) for both frequency and amplitude triangles. In addition, the authors
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suggest that stimulation parameters close to physiological quantities indicate the influ-
ence of intrinsic muscle factors on additional torque and MMG signals.

However, the findings obtained in a previous study [82] have been deemed contro-
versial. The longitudinal torque and transverse TMG have yielded differences in the
contractile parameters of the VL. Therefore, these findings indicate that the TMG
mechanical responses can reflect the intrinsic contractile parameters of skeletal muscles.

A study conducted a year later [83] used computational intelligence to solve the com-
plex mathematical computation derived in the above-mentioned previous studies [82].
UsingMMG,_,, MMGrus, the knee angle, and the levels of NMES parameters, the SVR
was trained to predict torque; then, the knee torque was in line with the dynamometer
readings. The high correlation and reduced root mean square error only confirmed the
efficiency of the developed technique in terms of estimating the knee torque and the
accuracy of the laboratory results. Similarly, the variability in the neurological function
of SCI patients determined in this study [83] was addressed using artificial intelligence,
which was performed in a subsequent study [86]. After delivering electrical impulses to
the quadriceps muscle groups of three SCI subjects, the knee torque estimated using a
dynamometer was significantly correlated with the ANN-predicted torque. Therefore,
the authors highlight the usefulness of ANN for real-time torque estimation.

Thereafter, the methods were further validated in a later study [84]. Using increas-
ing stimulation amplitudes, the peak-to-peak torque was obtained from an average of
the 20 highest data points, and the M-wave, H-reflex, and MMG responses were also
determined using the peak-to-peak amplitudes. Thus, the combination of M-waves
and H-reflexes was proposed for estimation of the plantar flexion torque using Cybex
6000. The study then introduced the M+ H parameter, which was strongly correlated
with the twitch torque and MMG. Hence, the study was able to determine that MMG
was not affected by stimulus artifacts and is thus recommended for estimating the maxi-
mal twitch torque. This pioneering work on NMES and mathematical models continues
to guide research in the characterization of muscles, particularly small muscles. Using
SVD, the transfer function between torque and MMG reported by a previous study [85]
showed that the activity of small, thin, and parallel muscle fibers can be mathematically
modeled through a combination of DMMG and AMMG. The findings of these stud-
ies have supported the use of muscle mechanics, anthropometry, and age difference in
terms of characterizing the muscle torque. Machine learning [83, 86] was also deter-
mined to provide greater results which support the hypothesis that sophisticated signal
processing may provide promising future improvements in terms of MMG-based mus-
cles studies.

Miscellaneous/clinical monitoring

MMG can reportedly be used in real-time clinical monitoring [88-93]. The authors
of a related study [92] were able to detect an MMG response of the target nerve to a
specific stimulation current to verify the rate of nerve root decompression, wherein a
decrease in the stimulation threshold of > 1 mA was observed in 98% of the test subjects.
The affected nerve root maintained a stimulus threshold of 1 mA following decompres-
sion but exhibited an increase in the amplitude of the MMG signal response. The tech-
nique can thus adequately guide a surgeon in cases in which decompression is deemed
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uncertain. Furthermore, two other studies [88, 89] verified the validity of KMG and PMG
in neuromuscular monitoring. Prior to general anesthesia, the ulnar nerve has received
supramaximal train-of-four stimulation for every 12 s at 0—70 mA. Based on the con-
cordance correlation coefficient, the recovery of NMB determined using KMG and PMG
agreed with that obtained based on the MMG response. In contrast in [86], the features
of KM@ appear to exhibit a high TOF ratio in NMB monitoring. Some researchers have
compared the KMG data recorded using a Datex M-NMT MechanoSensor with EMG
data recorded with a Datex ElectroSensor and found a higher recovery in terms of TOF
% with KMG compared with EMG. However, the researchers stated that the 90% recov-
ery rate of KMG makes it less preferable for NMB than EMG. Thus, further validation of
these findings in clinical settings is needed [90].

In another study [93], the BB was synchronously stimulated with a programma-
ble function generator providing a 1-ms pulse, and 3D images were acquired through
ultrafast acquisition in the transverse plane at each position. The Tc and 1/2Tr matched
the in vitro and in vivo surface MMG responses. In addition, the muscle fiber bundle
was retrieved and agreed with the echogenic architecture of the muscle. Further, the
researchers argued that the technique can be used to remedy the inability of diffusion
tensor imaging in providing the mechanical function of a muscle, allowing for easy
recruitment of muscle fibers. Therefore, the authors encourage further verification of the
validity of myography-based screening of the functions of other muscles.

Several of the available techniques for respiratory assessment have been determined to
involve maximal inspiratory and expiratory mouth pressures. After electrical excitation
of the phrenic nerve, the MMG responses from the contracted diaphragm correlated
with the respiratory muscle strength and provided higher sensitivity than the con-
ventional method [91]. Altogether, the techniques of MMG, KMG, and PMG through
NMES are presented as interesting tools to evaluate muscle behaviors in clinical setting
with no physical efforts. Taking advantage of the myographic signals from NMES to
monitor specific muscle status, more research is needed to verify the functions of other
muscles.

Conclusion

The studies examined in this review presented a comprehensive overview of approaches
used for assessing muscle activities based on MMG through electrical activation pro-
tocols. The technique has been used to identify the contractile properties of muscles in
specific tasks to denote the changes that take place after electrical activation for recovery
and function monitoring. Our findings support the hypothesis that MMG coupled with
NMES is suitable for muscle function assessment. However, like EMG, the MMG signal
alone is prone to crosstalk contamination from nearby muscles and those beneath the
skin. Coupled with electro-muscle stimulation, unlike EMG, the MMG signal showed
no interference from electrical signals. Thus, taking advantage of electrical excitation,
the examination of the activity of a single muscle from a group of muscles could be a
tool to quantify the crosstalk. In this review, it was also shown that a combination of
MMG, NMES, and task training provided robust outcomes. Hence, disabled people can
be psychologically motivated, thus familiarizing with electric sensation in functional
training. Nevertheless, the application of NMES differs depending on one’s susceptibility
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to intensities of stimulation and the degree of disability when applied for rehabilitation
purposes. It will be important to establish if MMG and electrical muscle stimulation can
yield a functional rehabilitation program for people with or without complete SCI. Stud-
ies have shown that MMG parameters obtained through electrical muscle stimulation
protocols have reliable physiological parameters of targeted muscles that correlate with
torque and have been also used for fatigue, stiffness, and endurance assessments of skel-
etal muscles using mathematical computations. Our findings from the statistical analysis
of MMG and electromyostimulation coupling suggest the use of artificial intelligence as
a potential new approach.
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