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remained high before declining to control levels, reflecting 
gross atrophy. MMG variables Dmax (weeks 9, 14) and Vc 
(weeks 9, 14, 15) also declined during the atrophic phase. 
No change in Tc was found throughout the hypertrophic or 
atrophic phases.
Conclusions  MMG detects changes in contractile proper-
ties during stages of exercise-induced hypertrophy and dis-
use atrophy suggesting its applicability as a clinical tool in 
musculoskeletal rehabilitation.

Keywords  Mechanomyography (MMG) · Hypertrophy · 
Atrophy · Biceps brachii · Exercise

Abbreviations
ANOVA	� Analysis of variance
BMI	� Body mass index
CSA	� Cross-sectional area
Dmax	� Maximal muscle belly displacement
DOMS	� Delayed onset of muscle soreness
EMG	� Electromyography
ES	� Effect size
MMG	� Mechanomyography
MPF	� Median power frequency
MVC	� Maximum voluntary contraction
PNS	� Percutaneous neuromuscular stimulation
SD	� Standard deviation
SEM	� Standard error mean
Tc	� Contraction time
Vc	� Contraction velocity

Introduction

Patients often attend musculoskeletal clinics with atrophic 
muscles due to injury or disease. Often the aim of 

Abstract 
Purpose  To determine whether mechanomyographic 
(MMG) determined contractile properties of the biceps bra-
chii change during exercise-induced hypertrophy and sub-
sequent disuse atrophy.
Methods  Healthy subjects (mean ± SD, 23.7 ± 2.6 years, 
BMI 21.8 ± 2.4, n = 19) performed unilateral biceps curls 
(9 sets × 12 repetitions, 5 sessions per week) for 8 weeks 
(hypertrophic phase) before ceasing exercise (atrophic 
phase) for the following 8  weeks (non-dominant limb; 
treatment, dominant limb; control). MMG measures of 
muscle contractile properties (contraction time; Tc, maxi-
mum displacement; Dmax, contraction velocity; Vc), elec-
tromyographic (EMG) measures of muscle fatigue (median 
power frequency; MPF), strength measures (maximum vol-
untary contraction; MVC) and measures of muscle thick-
ness (ultrasound) were obtained.
Results  Two-way repeated measures ANOVA showed 
significant differences (P  <  0.05) between treatment 
and control limbs. During the hypertrophic phase treat-
ment MVC initially declined (weeks 1–3), due to fatigue 
(decline in MPF), followed by improvement against con-
trol during weeks 6–8. Between weeks 5 and 8 treatment, 
muscle thickness was greater than control, reflecting gross 
hypertrophy. MMG variables Dmax (weeks 2, 7) and Vc 
(weeks 7, 8) declined. During the atrophic phase, MVC 
(weeks 9–12) and muscle thickness (weeks 9, 10) initially 

Communicated by William J. Kraemer.

 *	 Christian Than 
	 christian.than@uqconnect.edu.au

1	 Department of Anatomy and Developmental Biology, School 
of Biomedical Sciences, The University of Queensland,  
St. Lucia 4072, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-016-3469-9&domain=pdf


2156	 Eur J Appl Physiol (2016) 116:2155–2165

1 3

rehabilitation is to hypertrophy wasted muscles to allow the 
patient to regain functional capacity. However, it remains 
difficult for clinicians to inexpensively detect and quantify 
hypertrophic changes in muscle throughout the rehabilita-
tive process. Currently quantitative assessments of muscle 
bulk rely upon cost-intensive techniques such as magnetic 
resonance imaging (MRI), computed tomography (CT) 
or dual energy X-ray absorptiometry scan (DEXA) which 
are generally unavailable at most community-based facili-
ties (Palus et al. 2014). Assessments of hypertrophy-related 
changes in muscle physiology (e.g., contractile properties) 
may prove to be an inexpensive solution to this problem. 
However, little evidence exists to indicate application of 
this in clinical settings, despite the documented differ-
ences in properties of hypertrophied and atrophied muscles 
(Bodine et al. 2001; Marcotte et al. 2015).

Skeletal muscle accounts for approximately 40  % of 
body mass and is highly adaptive due to changes in its uti-
lisation (Brooks and Myburgh 2014). Increases in mechani-
cal load, through increasing workload via rehabilitative 
exercises, will stimulate muscle hypertrophy while the 
removal of mechanical load, through inactivity or injury, 
will lead to muscle atrophy (Brooks and Myburgh 2014). 
Studies have shown that the onset of muscle atrophy occurs 
approximately 2 weeks after the onset of injury or immobi-
lisation (de Boer et al. 2007; Abadi et al. 2009). In contrast, 
resistance training-induced muscle hypertrophy occurs 
predominantly during the first 10  weeks of training with 
significant change in muscle size occurring approximately 
4  weeks following the initiation of hypertrophic exercise 
(Abe et al. 2000; Seynnes et al. 2007; DeFreitas et al. 2011; 
Ogasawara et al. 2012).

Recent evidence suggests that the mechanomyographic 
technique (MMG) may prove to be a cost-effective non-
invasive method of detecting atrophic or hypertrophic 
changes in muscle contractile properties (Ibitoye et  al. 
2014). The MMG technique can characterise changes in the 
velocity of contraction (Vc), contraction time (Tc) and max-
imum muscle displacement (Dmax) due to muscle fatigue 
and acute muscle injury (Madeleine et  al. 2001; Gorelick 
and Brown 2007; Kassolik et al. 2009; Ibitoye et al. 2014), 
while it has been shown that MMG variables do not vary 
between opposite limb muscles in normal populations 
(Alvarez-Diaz et al. 2015).

The MMG technique functions through measuring the 
low-frequency lateral oscillation of a superficial muscle’s 
belly following maximal involuntary percutaneous neuro-
muscular stimulation (PNS) (Sarlabous et al. 2013). MMG 
detects spatial and temporal changes in the size of the mus-
cle belly during PNS-induced contractions as observed by 
the displacement of skin overlying the contracting muscle 
(Al-Mulla et al. 2011). Such measures are highly correlated 
to the development of tension within the belly and tendons 

of the muscle itself (Orizio 1993: Orizio et al. 1999, 2000, 
2003; McAndrew et  al. 2006). MMG’s inherent ability to 
quantify muscle function non-invasively potentially sup-
ports its use as a clinical tool within clinical settings (Kas-
solik et al. 2009; Ibitoye et al. 2014).

Therefore, the aim of this study was to determine 
whether MMG had utility in detecting changes in muscle 
contractile properties during an 8-week period of exercise-
induced muscle hypertrophy and disuse induced atrophy, 
respectively, within the biceps brachii. It was hypothesised 
that measures of muscle contractibility (Tc, Dmax, Vc) would 
improve while the muscle hypertrophied but would regress 
back to ‘normal’ during a period of muscle atrophy. Such 
a result would suggest the applicability of the MMG tech-
nique to provide quantitative data on muscle recovery dur-
ing rehabilitation.

Methods

Subjects

Ethical clearance for this study was obtained from the Uni-
versity of Queensland Medical Research Ethics Commit-
tee (no. 2014001416) and informed consent was obtained 
from each subject. Subjects aged 18–30 years (mean ± SD, 
23.7 ±  2.6 years, BMI 21.8 ±  2.4, n =  19) with no his-
tory of upper limb injuries were recruited for the study. 
Subjects were considered recreationally active, but not 
resistance trained (i.e., exercised 3 × or more weekly via 
various sporting activities but had not performed resistance 
training for the biceps brachii). All results were analysed as 
percentage changes from baseline results obtained in week 
0. Measurements were taken on allocated days to ensure 
approximate 7-day intervals between data collection points 
for each participant.

Mechanomyography (MMG)

Subjects were seated on a padded plinth with the elbow 
secured by large Velcro straps at 90° elbow flexion in a 
supinated position for laser sensor displacement mech-
anomyography measurements (Fig.  1). Baseline MMG 
readings in week 0 were taken for both the dominant and 
non-dominant biceps brachii with additional MMG read-
ings taken at the end of each week throughout the 16-week 
study (Fig. 2). MMG measures of contractile properties are 
typically recorded from maximally stimulated muscles via 
a twitch stimulus (Tosovic et al. 2015). To maximally con-
tract the biceps brachii, an initial stimulus of 30 mA was 
delivered with subsequent stimuli increasing by 10  mA 
whilst keeping a constant voltage (400  V) and duration 
(200 μs) (Digitimer DS7AH) (Tosovic et al. 2015). A 30 s 



2157Eur J Appl Physiol (2016) 116:2155–2165	

1 3

inter-stimuli interval was utilised to minimise fatigue. Stim-
uli of increasing current were delivered until a maximum 
muscle contraction was achieved as denoted by the larg-
est maximum muscle displacement (Dmax) value observed, 
without distortion of the sinusoidal MMG waveform (Toso-
vic et al. 2015).

To measure radial muscle belly displacement follow-
ing PNS, a laser measurement device (class 2 laser; model 
LG10A65PU) was positioned perpendicular to the middle 
of the muscle belly of the biceps brachii, which was within 
the vicinity of the muscle’s approximate motor point (Moon 
et al. 2012). This position was midway between two PNS 
stimulatory electrodes (NeuroTrac TENS self-adhesive 

electrodes; 30 mm diameter) which were positioned 25 mm 
either side of the muscle’s mid-length (50 mm inter-elec-
trode distance). MMG contractile properties were cal-
culated as mean values from five recordings of maximal 
MMG waveforms (Tosovic et al. 2015). The MMG wave-
forms were recorded in LabChart® software (ADInstru-
ments), and analysis of maximum muscle displacement 
(Dmax-mm), contraction time (Tc-ms) and contraction velocity 
(Vc-mm/ms) performed with the Peak Analysis module within 
LabChart®. It should be noted that Vc measurements are not 
absolute values although expressed as mm/ms due to incor-
poration of Dmax (0–100 % of waveform) by Tc (10–90 % 
of waveform). A 9 Hz low-pass digital filter was applied in 
the recording of the waveforms (Tosovic et al. 2015).

Maximum voluntary contraction (MVC)

Maximum voluntary contraction force values (MVC-N) 
were obtained from isometric contractions of the biceps 
brachii in both upper limbs using a Sundoo SN Analogue 
Force Gauge (model number SN-500). Subjects lay supine 
whilst pulling on the force gauge at 90° elbow flexion.

Electromyography (EMG)

Median power frequency (MPF-Hz), as determined by 
electromyography (EMG), was recorded during the MVCs. 
Following skin preparation, a single pair of bipolar surface 
electrodes (inter-electrode distance of 4  mm) was placed 
longitudinally at 50 % of the total length of the biceps bra-
chii (from origin to insertion) with a third ground electrode 
attached to the anterior surface of the clavicle. All three 
electrodes were connected to an ADInstruments Powerlab 

Fig. 1   Demonstration of MMG protocol. After determining 50  % 
total length of the biceps brachii for MMG laser positioning, proxi-
mal and distal stimulator electrodes (TENS pads) were attached 
25  mm apart. Upper limb was kept in 90° elbow flexion in a supi-
nated position. Straps were secured around the arm and upper tho-
racic region to prevent excessive movement during stimulation. MMG 
mechanomyography

Fig. 2   Study timeline. After obtaining baseline results in week 0 for 
the weekly measurements of MVC, EMG, MMG and muscle thick-
ness, the treatment (non-dominant) limb underwent exercise-induced 
hypertrophy from weeks 0–8 (black colour filled square). Exercise 
consisted of a dumbbell loaded at 70, 50 or 30 % of MVC (12 repeti-
tions for 9 sets with 90 s inter-set rest intervals) performed 5x weekly. 

Exercise for the treatment limb ceased from weeks 9–16 to induce 
atrophy (gray colour filled square). The control (dominant) limb did 
not perform any exercise throughout the study. CSA ultrasound scans 
were conducted in weeks 4, 8 and 16. CSA cross-sectional area, EMG 
electromyography, MMG mechanomyography, MVC maximum vol-
untary contraction
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system via a dual bioamp (sample rate 1 kb/s; range 10 V; 
high pass digital filter 20 Hz). Analysis was conducted in 
LabChart 7 Pro™.

Ultrasound scans

After baseline MMG readings were obtained, baseline mus-
cle thickness ultrasound recordings were taken, with addi-
tional readings once again taken at the end of each week 
throughout the 16  weeks (Fig.  2). Subjects were seated 
with arms in a neutral position around the elbow joint as 
advised by a qualified ultra-sonographer. The subjects’ 
dominant and non-dominant biceps brachii were scanned 
using a 7.5 MHz linear transducer probe (Mindray DP-50). 
The scans were taken in B-mode with ultrasound machine 
settings (gain, depth and frequency) adjusted to optimise 
image quality for individuals. Measurements were taken at 
50 % total length of the biceps brachii.

During weeks 4, 8 and 16, additional cross-sectional 
area (CSA) ultrasounds for both upper limbs were obtained 
by a qualified ultra-sonographer at the Centre of Advanced 
Imaging at The University of Queensland (Fig.  2). Using 
a standard 4–9 MHz linear transducer operating on 9 MHz 
(S3000 Siemens/Acuson system), images were obtained 
in B-mode. Participants were seated in an upright posi-
tion with arms in a neutral position around the elbow joint. 
CSA images were obtained via lateral acquisition at 50 % 
width of the bicep brachii. Muscle thickness and CSA from 
ultrasound images were determined using ImageJ (version 
1.48; National Institutes of Health, Bethesda, MD). Week 4 
thickness ultrasounds are missing due to conflicting sched-
uling with CSA ultrasounds.

Exercise protocol

After baseline recordings, subjects underwent a strength 
training regime to induce muscle hypertrophy in the non-
dominant limb (treatment) from week 0 (Fig. 2). The pro-
tocol consisted of the non-dominant upper limb perform-
ing unilateral bicep curls (elbow flexion with a supinated 
forearm) with a dumbbell loaded to 70, 50 or 30 % of that 
week’s MVC recording. Participants performed the exer-
cise at the 70 % loading before progressively lowering the 
lifting weight to 50 %, and then finally 30 %, loading due 
to failure to maintain correct form with the previous dumb-
bell weight. A total of 9 sets of 12 bicep curl repetitions 
per set were performed with a 90  s rest interval assigned 
between each set. This loading strategy has been hypoth-
esised as the ideal combination of mechanical tension and 
metabolic stress to maximise a hypertrophic response (Sch-
oenfeld 2010).

The exercise protocol was performed five times 
weekly for a total of 8 weeks (weeks 0–8), with sessions 

approximately 24  h apart. Kraemer et  al. (2002) have 
stated that training frequency should be 2–3 times 
weekly for novice training and 4–5 times weekly for 
advanced training. As muscle is adaptable, participants 
would eventually progress to the advanced fitness level 
during the hypertrophy phase (Brooks and Myburgh 
2014). The precise point at which this occurs would 
be different for each participant due to factors such as 
amino acid availability and hormone presence (Tipton 
and Wolfe 2001). Thus, in order to standardise the pro-
tocol, a five times weekly training regime was chosen 
from the beginning of the program. As all participants 
were novice lifters at the start of the protocol, the 70, 50 
and 30 % MVC progression was employed. This in turn 
would allow individuals to perform the exercise for each 
session as their body would allow to offset overtraining 
and fatigue effects.

At the end of each week, biceps brachii MVC values 
were once again obtained from both the dominant and 
non-dominant upper limbs. After week eight recordings, 
subjects ceased the exercise regime to initiate disuse mus-
cle atrophy (Fig. 2). The dominant biceps brachii of each 
subject served as the control for the study throughout the 
hypertrophic and atrophic periods of the study. Subjects 
were required to refrain from active exercise involving the 
biceps brachii, other than daily activities, throughout the 
16 weeks.

Statistical analysis

Data points identified as outliers, in accordance with 
accepted statistical outlier detection, were removed before 
analysis (Rousseeuw and Hubert 2011). Out of 646 total 
values for one parameter, seven values were removed from 
treatment limb data whilst 33 values were removed from 
control limb data.

Repeated measures two-way ANOVAs were conducted 
in Graph Pad Prism 6 (limb group x week) to determine 
whether muscle hypertrophy and atrophy had a signifi-
cant effect on MMG-derived contractile properties. If sig-
nificance was obtained (P  <  0.05), protected fishers LSD 
post hoc was used to identify location of significance. 
Cohen effect sizes (ES) were calculated to determine the 
magnitude of significance with Cohen (1988) defining ES 
descriptors as trivial (<0.2), small (>0.2–  <0.5), medium 
(>0.5–  <0.8) and large (>0.8). Data are represented as 
means and standard errors of the means (±). Variables ana-
lysed were MVC, MPF, CSA, muscle thickness, contrac-
tion time (Tc), maximal muscle belly displacement (Dmax) 
and contraction velocity (Vc). Reliability of MMG-derived 
contractile properties has previously been determined (Kri-
zaj et  al. 2008; Tous-Fajardo et  al. 2010; Ditroilo et  al. 
2013).
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Results

MVC and MPF

During weeks 1–3 of the hypertrophic phase, MVCs 
from the treatment limb declined against the control limb 
(P < 0.05) (Cohen ES of 1.21, 0.97 and 0.86) before then 
overtaking the control limb during weeks 6–8 (P  <  0.05) 
(Cohen ES of 0.74, 1.09, and 1.05) (Fig.  3). During the 
atrophic phase, treatment limb MVC values initially 
remained higher than control (weeks 9–12, Cohen ES of 
1.05, 1.10, 0.86 and 0.97) (P < 0.05) before declining to the 
control values (Fig.  3). For the treatment limb, the MVC 
in week 10 was significantly larger than in weeks 12–16 
(P < 0.05) (Cohen ES of 0.62, 0.65, 0.69, 0.86 and 0.77).

The MPF values suggested that during the hypertrophic 
phase the treatment limb was experiencing significantly 
(P  <  0.05) greater muscle fatigue than the control limb 
(weeks 1–6)—at a time when the treatment limb’s MVC 
values had declined. No differences in MPF were seen 
between treatment and control limbs during the atrophic 
phase of the study (Fig. 4). Cohen ES for weeks 1–6 were 
0.74, 1.06, 1.19, 1.08, 0.66 and 0.76.

Muscle cross‑sectional area

The ultrasound images showed the treatment limb to have a 
significantly (P < 0.05) larger CSA than control by the end 
of the hypertrophic phase (week 8), with a Cohen ES of 
0.59, which had dissipated by the end of the atrophic phase 

in week 16 (Fig.  5). Muscle thickness demonstrated that 
the treatment limb was thicker than control during weeks 
5–8 of the hypertrophic phase (P  < 0.05) with Cohen ES 
of 0.94, 0.57, 0.62 and 0.82. This was also demonstrated 
during the initial weeks of the atrophic phase (Weeks 9–10, 
Cohen ES of 0.49 and 0.51) (P < 0.05) (Fig. 6).

Fig. 3   MVC. Mean (±SEM) treatment (black colour filled square) 
and control (gray colour filled square) limb MVC values each week. 
Single asterisk indicates significant (P  <  0.05) difference between 
limbs for each week. ὰ indicates significant (P  <  0.05) difference 
between treatment alone. Changes are as a percentage from week 0 
baseline. MVC maximum voluntary contraction, SEM standard error 
of mean

Fig. 4   MPF of EMG. Mean (±SEM) treatment (black colour filled 
square) and control (gray colour filled square) limb MPF values 
each week. Single asterisk indicates significant (P < 0.05) difference 
between limbs for each week. Changes are as a percentage from week 
0 baseline. EMG electromyography, MPF median power frequency, 
SEM standard error of mean

Fig. 5   CSA ultrasound. Mean (±SEM) treatment (black colour 
filled square) and control (gray colour filled square) limb CSA ultra-
sounds values at the end of week 4 (baseline), week 8 (hypertrophy 
end) and week 16 (atrophy end). Single asterisk indicates significant 
(P < 0.05) difference between limbs for each week. ὰ indicates sig-
nificant (P < 0.05) difference between treatment alone. Triangle indi-
cates significant difference (P  <  0.05) between treatment baseline. 
Changes are as a percentage from week 4 baseline. Note: due to ethi-
cal acceptance delays with the Centre of Advanced Imaging, week 0 
CSA ultrasounds are substituted with week 4 CSA ultrasounds. CSA 
cross-sectional area, SEM standard error of mean
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Contraction time (Tc)

No significant change in muscle contraction time (Tc) was 
noted in either limb throughout the study (Fig. 7). The Tc of 
the treatment biceps brachii during baseline (week 0), end 
of hypertrophy (week 8) and end of atrophy (week 16) was 
53.44 ms, 51.93 ms and 51.86 ms, respectively, whilst control 
Tc values were 52.19 ms, 49.72 ms and 51.07 ms, respectively.

Maximal muscle belly displacement (Dmax)

Dmax of the treatment limb was significantly lower than the 
control limb during weeks 2 and 7 (P < 0.05) of the hyper-
trophic phase (Cohen ES of 0.47 and 0.59), week 9 of the 
initial atrophic phase and then later in the atrophic phase at 
week 14 (P < 0.05) (Cohen ES of 0.42 and 0.86) (Fig. 8).

Contraction velocity (Vc)

Vc of the treatment limb was significantly slower, against con-
trol, late in the hypertrophic phase (weeks 7–8 with Cohen 
ES of 0.60 and 0.54), the early atrophic phase (week 9, 
Cohen ES of 0.46) and then later in the atrophic phase (weeks 
14–15, Cohen ES of 0.87 and 0.75) (P < 0.05) (Fig. 9).

Discussion

The aim of the study was to clarify the utility of the 
MMG technique to quantify changes in muscle contractile 

properties related to muscle hypertrophy and atrophy—two 
muscular conditions common to clinical musculoskeletal 
rehabilitation. The current study is believed to be the first to 
employ MMG to determine changes in muscle contractile 
properties during a period of exercise-induced hypertrophy 
followed by a period of disuse atrophy.

Strength measures (MVC and MPF)

MVC for weeks 1–3 of the hypertrophic phase was found 
to be significantly lower (P < 0.05) in the treatment limb 

Fig. 6   Muscle thickness from ultrasound scans. Mean (±SEM) 
treatment (black colour filled square) and control (gray colour filled 
square) limb thickness ultrasounds values. Single asterisk indi-
cates significant (P < 0.05) difference between limbs for each week. 
Changes are as a percentage from week 0 baseline. Note: Week 4 
thickness ultrasounds are missing due to conflicting scheduling with 
CSA ultrasounds. CSA cross-sectional area, SEM standard error of 
mean

Fig. 7   Tc. Mean (±SEM) treatment (black colour filled square) and 
control (gray colour filled square) limb Tc values each week. No sig-
nificance was obtained within or between limbs. Changes are as a 
percentage from week 0 baseline. Tc contraction time, SEM standard 
error of mean

Fig. 8   Dmax. Mean (±SEM) treatment (black colour filled square) 
and control (gray colour filled square) limb Dmax values each week. 
Single asterisk indicates significant (P  <  0.05) difference between 
limbs for each week. Changes are as a percentage from week 0 base-
line. Dmax maximal muscle displacement, SEM standard error of 
mean
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than the control limb (Fig. 3). The decline in MVC for the 
treatment limb is theorised to be attributed to injury/fatigue 
from the intensive exercise protocol (Cheung et al. 2003). 
Exercise involving eccentric contractions has been docu-
mented to cause micro-injury within the muscle (Mizumura 
and Taguchi 2015). This structural damage to muscle and 
connective tissue leads to delayed onset of muscle soreness 
(DOMS), which may result in alterations to muscle func-
tion and joint mechanics (Cheung et al. 2003; Wiewelhove 
et  al. 2016). Studies have documented significant reduc-
tions in strength and power parameters during DOMS, 
which subsides and eventually disappears by 3–10  days 
post-exercise (Wheeler and Jacobson 2013). The exercise 
protocol employed by this study had participants perform-
ing strenuous eccentric-based contractions 5  days a week 
to ensure eventual hypertrophy. As such, participants 
are speculated to have been in an initial constant state of 
DOMS during the onset of the hypertrophy phase, provid-
ing possible explanation for the reduced treatment MVC 
results for weeks 1–3.

However, skeletal muscle rapidly adapts to its mechani-
cal environment due to its plastic nature (Goldberg 1968; 
Marcotte et  al. 2015). Increased load across a muscle, 
such as from the resistance exercise protocol conducted 
in the study, results in a compensatory increase in muscle 
size and strength (Marcotte et al. 2015). This hypertrophy 
occurs largely from the growth of existing cells (hypertro-
phy) rather than an increase in cell number (hyperplasia) 
(Goodman et al. 2011; Marcotte et al. 2015). Additionally, 
skeletal muscle fibres adapt through expression of specific 
contractile proteins, such as myosin heavy chain isoforms, 

with upregulation in the activity and content of mitochon-
dria to increase oxidative capacity (Holloszy and Booth 
1976; Rockl et al. 2007). These adaptations in response to 
exercise support weeks 4–5 of the study, during which no 
significant differences were found between limbs, before 
treatment achieved higher MVCs than control (P < 0.05) in 
weeks 6–8 (Fig. 3). The relationships between muscle size, 
or CSA, and measures of performance are underpinned by 
the capability of muscle to produce force, with greater mus-
cle CSA corresponding to greater force production (Vigot-
sky et al. 2015). As such, the ongoing increase in size of the 
treatment limb from the exercise protocol led to the even-
tual increase in strength measures, as seen in weeks 6–8 of 
the hypertrophic phase.

This perceived eventual adaptation of muscles to exer-
cise is further supported by the MPF results from the EMG 
waveforms. The treatment limb demonstrated fatigue 
against the control limb for weeks 1–6 (P  < 0.05) due to 
exercise (Fig.  4). However, compensatory adaptation ena-
bles muscles to more efficiently use substrates for ATP 
production, providing the treatment limb fatigue resistance 
which was seen from week 7 onwards for the MPF results 
(Rockl et al. 2007).

During the atrophic phase of the study, the treatment 
limb had a higher initial MVC than control during weeks 
9–12 (P < 0.05) (Fig.  3). Maintenance of muscle mass is 
controlled by a balance between protein synthesis and 
protein degradation pathways, with shifts towards protein 
degradation during atrophy (Bodine et  al. 2001). Atrophy 
occurs as an adaptive response to de-loading, with Dirks 
et  al. (2015) finding 1  week of strict bed rest enough to 
cause significant reduction in muscle mass. In terms of 
strength measures (MVC), the study showed a decline in 
MVC from week 13 (Fig. 3) simultaneously with declines 
in muscle thickness (Fig. 6), suggesting atrophy from this 
point onwards.

In humans, common disuse models include bed rest or 
plaster casts (Narici et  al. 2016). In these studies, a sig-
nificant decrease in efferent motor outflow (neural drive) 
to target muscles occurs due to inactivity of spinal motor 
neurons (Aagaard et al. 2002; Gondin et al. 2004). Gibson 
et al. (1988) found that low-voltage percutaneous electrical 
stimulation, akin to neural drive, reduces atrophy via pre-
vention of muscle protein synthesis decreases that accom-
pany immobilisation. The present study permitted everyday 
use of the treatment limb throughout the atrophic phase 
which is more reflective of real life situations employing 
simple disuse atrophy after mechanical loading. Therefore, 
the neural drive received by the treatment limb from eve-
ryday use could have in turn slowed atrophy of the muscle 
(Gibson et  al. 1988). This in turn could explain the delay 
in atrophy for the treatment limb to return to control limb 
MVC values.

Fig. 9   Vc. Mean (±SEM) treatment (black colour filled square) and 
control (gray colour filled square) limb Vc values each week. Single 
asterisk indicates significant (P < 0.05) difference between limbs for 
each week. Changes are as a percentage from week 0 baseline. Vc 
contraction velocity, SEM standard error of mean
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Despite this, weeks 13–16 of the atrophic phase saw no 
significant difference between limbs, indicating disuse atro-
phy of the treatment limb back to the control level. Addi-
tionally, week 10 treatment was found to be significantly 
higher than itself in weeks 12–16 (P < 0.05). It, therefore, 
appears as if week 10 was the final measurement before 
treatment began its decline in MVC, possibly attributed to 
initial declines in neuromuscular adaptation from cessa-
tion of resistance training (Deschenes et  al. 2002), before 
declining from week 13 onwards as supported by muscle 
thickness scans (Fig. 6).

Muscle size (CSA and muscle thickness)

The MVC results were consistent with both the CSA 
(Fig.  5) and muscle thickness (Fig.  6) measures in which 
treatment limb was significantly larger than control by 
week 8 (P  <  0.05) but not different again by week 16. 
These results support the contention that the treatment limb 
hypertrophied and atrophied, respectively, throughout the 
study.

The muscle thickness values demonstrated that the treat-
ment limb was larger than control in weeks 5–8 of the 
hypertrophic phase. The literature indicates that 4 weeks of 
resistance training should be enough to induce significant 
muscle hypertrophy (Abe et al. 2000; Seynnes et al. 2007; 
DeFreitas et al. 2011; Ogasawara et al. 2012). Although the 
week 4 thickness results were omitted, the week 5 thick-
ness measures support the results of previous literature. 
Additionally, the week 10 muscle thickness measure was 
the final measurement in which treatment was significantly 
larger than control (P  <  0.05). Week 11 onwards demon-
strated no significant difference between limbs, indicating 
atrophy of the treatment limb following 2 weeks of ceasing 
resistance training. This was consistent with pervious lit-
erature regarding the onset timeframe of atrophy (de Boer 
et al. 2007; Abadi et al. 2009).

Contractile properties (MMG)

Tc and Vc reflect time-domain activation of motor units dur-
ing both isometric and dynamic muscle actions (Beck et al. 
2004). In contrast, the amplitude-domain Dmax relates to 
the intensity of motor unit recruitment with a linear rela-
tionship between Dmax and the work load of the contracting 
muscle (Beck et al. 2004; Al-Mulla et al. 2011).

As such, these MMG parameters will vary when skel-
etal muscle undergoes morphological changes and remodel-
ling during phases of growth and wasting (Pisot et al. 2008; 
DeFreitas et al. 2012). Dmax was significantly lower for the 
treatment limb against control in weeks 2 and 7 of the hyper-
trophic phase (Fig. 8). During hypertrophy, contractile struc-
tures enlarge (increase of sarcomeres and myofibrils added 

in parallel) and the extracellular matrix expands (Tesch and 
Larsson 1982; Vierck et al. 2000; Paul and Rosenthal 2002; 
Schoenfeld 2010). These intrinsic changes within muscle 
in turn lead to altered contractile properties and motor unit 
recruitment patterns (Blaauw et  al. 2013). In weeks 2 and 
7 of the hypertrophic phase, treatment limb Dmax was sig-
nificantly lower than control (P < 0.05). While week 2 sig-
nificance can be attributed to fatigue of the treatment limb 
from DOMS (Cheung et al. 2003), week 7 suggests intrinsic 
changes in the recruitment pattern of motor neurons to cause 
maximal muscle belly displacement. This change in neural 
control was reflected in the amplitude of the MMG wave-
form as a significantly diminished curve height (Fig. 10).

Changes in contractile properties during disuse caused 
significantly diminished treatment MMG waveforms in 
weeks 9 and 14 (P  <  0.05) of the atrophy phase (Fig.  8). 
Deschenes et  al. (2002) have shown that diminishment in 
muscle function is mainly attributed to neural activation 
decline 2  weeks post-cessation of resistance training. The 
significant difference in Dmax between limbs in week 9 on 
the experiment was contrary with the MVC (Fig.  3) and 
thickness scans (Fig. 6) that indicated treatment hypertrophy. 
Thus, decline in Dmax during week 9 may in turn be indica-
tive of continuing remodelling of contractile properties from 

Fig. 10   Idealised MMG waveform. Demonstrates changes in the 
waveform from muscle remodelling during phases of hypertrophy 
and atrophy; reflective of the results observed in this study. Filled 
line indicates normal MMG waveform of healthy muscle in a stable 
state. Broken line indicates a weaken MMG waveform seen during 
muscle remodelling through hypertrophy and atrophy. Waveform 
shows a decrease in Dmax, but no change in Tc, thus decreasing the 
slope (velocity) of contraction. The descending portion of the wave-
form correlates to relaxation time of the muscle, which was not rel-
evant to the findings of the current study. Dmax (mm) maximal muscle 
displacement, Tc (ms) contraction time (between 10-90  % of Dmax), 
1/2Tr (ms); half-relaxation time (between 90 and 50 % of Dmax), Vc 
(mm/ms) contraction velocity (Dmax divided by Tc), 1/2Vr half-relaxa-
tion velocity (Dmax divided by 1/2Tr)
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the hypertrophy phase rather than muscle atrophy. However, 
the week 14 result paralleled MVC and thickness scans to 
suggest changes to not only neural recruitment patterns as 
Deschenes et al. (2002) described, but also atrophy.

Atrophy of a muscle can lead to altered contractile 
properties and recruitment patterns (Blaauw et  al. 2013) 
with Narici and Cerretelli (1998) finding disuse atrophy 
to decrease muscle fascicle length and pennation angle, to 
indicate loss of sarcomeres in series and in parallel. The 
simultaneous decreases in Dmax, MVC and ultrasound treat-
ment found in week 14 are, thus, in line with the literature 
to support significant atrophy and changes to neurological 
motor recruitment of the treatment limb in week 14.

Tc of the treatment limb, which is the time taken to com-
plete physiological actin/myosin cross bridging (MacIntosh 
et  al. 2012), did not change significantly throughout the 
study (Fig. 7).

However, the velocity of contraction (Vc), which physi-
ologically corresponds to the speed/efficiency of actin–
myosin cross-bridge formation with respect to motor unit 
recruitment (MacIntosh et  al. 2012; Tosovic et  al. 2016), 
did achieve significance between limbs in weeks 7 and 8 
of hypertrophy (Fig. 9). As stated before, MMG parameters 
will change when skeletal muscle undergoes morphologi-
cal changes and remodelling. This was evident in treatment 
limb Vc, which is reflective in the ascending slope of con-
traction in an MMG waveform (Fig. 10). During weeks 7 
and 8 of hypertrophy, the treatment limb was found to have 
a slower Vc than control (P < 0.05), suggesting pronounced 
modification of muscle architecture from hypertrophy. This 
slowed treatment Vc was additionally found in weeks 9, 14 
and 15 (P < 0.05) of the atrophy phase, indicative of inher-
ent changes within the muscle during the disuse phase.

Due to the structure of the MMG waveform, physi-
ological muscle parameters are linked together and change 
accordingly. Thus, when the amplitude of the waveform 
diminishes (Dmax), the ascending slope (Vc) of the MMG 
waveform will diminish synchronously to maintain a con-
stant contraction time (Tc) (Fig.  10). This was observed 
in the study in which Dmax and Vc of the treatment limb 
changed generally parallel to each other, despite a stable 
Tc throughout the hypertrophic and atrophic phases. Physi-
ologically, this demonstrates that alterations in neurological 
recruitment are somewhat coordinated with the velocity of 
actin–myosin cross-bridge formation to maintain a stable 
time for the power stroke of contraction. The exact mecha-
nisms on which this occurs remain to be elucidated.

It should be noted that unilateral motor unit activity has 
been documented to affect the homologous contralateral 
limb in a phenomenon known as cross education (Zhou 
2000). There is a, thus, limitation in using the dominant 
limb as a control for the study as neural adaptations in 
the treatment limb could have carried over to the control 

limb to affect the results (Zhou 2000). Nevertheless, MMG 
appeared to be able to identify changes in contractile prop-
erties throughout the study.

Conclusion

This investigation utilised mechanomyography (MMG) 
to non-invasively quantify changes in biceps brachii con-
tractile properties following 8  weeks of exercise-induced 
hypertrophy (rehabilitation) and a further 8 weeks of dis-
use induced atrophy (injury). The MVC and ultrasound 
results suggest that the treatment limb experienced hyper-
trophy and subsequent atrophy during these two periods. 
The results suggest that MMG was able to detect changes 
in muscle contractile properties only within the treatment 
limb during the hypertrophic and atrophic phases of the 
study. Therefore, the MMG technique may have utility in 
the clinical environment as an inexpensive and non-inva-
sive assessment aid of injured patients, allowing quantifica-
tion of their return to full function following rehabilitation.
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