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Abstract

Purpose: Several measures are applied to characterize the
functional state of muscles. Among these, the Maximum
Voluntary Contraction (MVC) is most frequently used and
considered the gold standard. A little understood and used
measure is Neuromuscular Efficiency (NME) of muscles.
Therefore, the present study was conducted to compare
NME indices of several trunk muscles of healthy adults with
respect to age and sex.

Methods: Overall 100 healthy Caucasian subjects (equally
distributed in young (19-39 years) and elderly (48-71 years)
and persons of both sexes, i.e. 25 subjects per age group
and sex) were investigated during submaximal and maximal
isometric tasks of their trunk muscles in sagittal plane. Five
major superficial trunk muscles were evaluated by means
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Body Mass; UBT: Upper Body Torque

of Surface EMG (SEMG). NME and MVC values were ex-
tracted. NME was calculated using the inverse slope of the
logarithmic transform of the SEMG amplitude to torque re-
lationships of the submaximal tests.

Results: The abdominal muscles showed no sex differenc-
es in NME but were always superior in both elderly groups.
As could be expected MVC levels during flexion of men were
higher but interestingly no age related MVC differences could
be detected. However, for the back muscles NME showed no
age-related effects and during extension MVC was reduced
with age. Males compared with females showed significant-
ly higher NME indices and also higher MVC values. Absolute
SEMG amplitudes levels of all investigated trunk muscles
were always lower in the elderly subjects.

Conclusions: The NME is an SEMG amplitude indepen-
dent parameter and may be applied to determine the func-
tional state of (trunk) muscles as a complement to MVC
measurements. The observed systematic differences of
NME indices between sexes and age groups careful hint
towards the NME being related to the functional cross-sec-
tional area of type | fibers.

Introduction

Adequate physical fitness reduces the risk of mus-
culoskeletal injuries [1]. Therefore, especially in the
light of aging populations improvements in diagnosis of
neuromuscular performance are of particular interest.
Any biomechanically based diagnosis of neuromuscu-
lar function considers power (i.e. explosive strength),
force, endurance, co-ordination, and efficiency. In ad-
dition, Surface EMG (SEMG) can be used to assess ma-
jor neuromuscular characteristics like endurance, indi-
vidual strain level, co-ordination, and efficiency and is
therefore increasingly used in research and therapeutic
settings [2-5].

In research and assessment of the above mentioned
neuromuscular characteristics, baseline data need to be
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established in order to compare subjects or the effect of
any kind of intervention such as therapies, training, and
nutrition. A simple to take measurement involves determi-
nation of Maximum Voluntary Force (MVC). However, an
MVC measure can only be an approximation of a subject’s
force capacity, because it is influenced by motivation [6,7],
experience with the required task [8], side dominance [9],
tolerance to discomfort and pain [10], age [11], and sex
[12,13]. Frequently the MVC is taken as the only measure
to assess success of interventions. However, exclusive use
of MVC ignores the complexity of neuromuscular function.

An additional way to assess the functional state of a
muscle or muscle group is the determination of Neuro-
muscular Efficiency (NME), a straight forward SEMG appli-
cation [14,15]. NME has not been extensively investigated
and its importance relative to the other mentioned fitness
characteristics is still an open question. But, good neuro-
muscular efficiency simply stands for the achievement of
equal force levels with less expense of energy, or equal
muscular strain is accompanied by a higher force output
[16]. Consideration of NME dates to the early fifties [14-
17] and proved to be a predictable measure of the func-
tional state of muscles with respect to sex [18], neuro-
logical disorders [19], physical therapy [20], and training
[21,22]. Initially, NME indices were suggested to be cor-
related with morphological changes due to hypertrophy
in contrast to neural factors [21,23,24]. More recently it
could be shown that NME indices of the rectus abdominis
muscle in healthy subjects were higher for physically active
in comparison with inactive women and were also higher
in males than in females [18].

Initially, NME was calculated as the inverse slope of
the linear regression of the EMG to force relationship
at submaximal levels [15]. Later on, this initial approach
was refined by using logarithmic transformed EMG data
[18] to account for the non-linearity of the EMG to force

relationship. Due to the calculation algorithm higher
NME indices are associated with less steeper slopes of
the SEMG amplitude to torque relationship and there-
fore represent a better efficiency of the neuromuscular
system. The NME can also be determined during MVC
tasks but is less accurate and in this case it is the ratio
between the respective torque and EMG values during
maximum effort.

The calculation of NME indices of trunk muscles in the
literature is especially rare. One study identified influences
of sex and different physical activity levels on the NME of
the rectus abdominis muscle [18], another investigation
dealt with the alteration of back muscle NME relative to
trunk posture [25], and one further study examined the
influence of eccentric exercise [22]. As far as we could find
studies that simultaneously determined NME of abdomi-
nal and back muscles and related these values with maxi-
mum force data are completely lacking.

Therefore, the present study was conducted to com-
pare NME indices of main superficial abdominal as well
as back muscles with respect to age and sex, and to re-
late these data to maximum force values to enhance
the interpretation of NME indices. These reference data
could be used to improve individual diagnostics of a sub-
ject’s neuromuscular functional state and could there-
fore enhance prevention, therapy and rehabilitation.

Since the force capacity of females and males differs
largely, we expected to find lower NME indices in wom-
en compared with men. Further, older subjects were
expected to show lower NME indices compared with
young subjects, independent of sex.

Methods

Subjects
Overall 100 healthy Caucasian subjects of both sex-

Table 1: Selected anthropometric characteristics and physical activity levels of the study population. Data are given in mean + SD.

Young Female vs. Elderly Female vs.
Female (n =25) Male (n = 25) Male Female (n =25) Male (n = 25) Male
age 26.0+4.2" 236+2.2" n.s. 59.8+7.5" 60.5+7.3" n.s.
[years]
body mass [kg] 64.8 £ 4.5 76.8+9.2° p < 0.001 68.9+9.7 845127 p < 0.001
ﬁ:‘:g]y height 1578+ 6.4" 180.2+6.2" p <0.01 161.9£ 6.0 1754 £5.9" p < 0.01
BMI 22.9+6.4" 23.6+2.2" n.s. 26.3+3.4" 27.5+3.9" n.s.
[kg/m?]
‘[’gﬁt 744+72" 81.7+7.4" p <0.001 87.0+8.5" 97.6+10.1" p < 0.001
[Sr:;] 54.1+215" 37.6+18.9" p <0.01 76.8+22.4" 64.6+21.4" n.s.
tf(g’]'v' 245+3.8 31.8+3.4 p <0.001 252+4.5 335+4.9 p < 0.001
tf\l'?nT] 835+ 17.5 1161+172  p<0.001 81.7+ 195 1157+245  p<0.001
i 27408 3.3£1.0" p<0.05 29407 26£0.7" ns.

SFT: Skin Fold Thickness (sum of four skin folds, according to [44]); BMI: Body Mass Index; UBM: Upper Body Mass; UBT: Upper
Body Torque; PAL: Physical Activity Level. Tests between age groups: ‘p < 0.05, “p < 0.01.
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Figure 1: Study setup with a subject positioned in the device,
performing a 30° forward tilt.

es, equally distributed in young (19-39 years, mean:
27.3 £ 5.0 years) and elderly subjects (48-71 years, mean
60.1 + 7.3 years) were included in the study. Detailed in-
formation about the study purpose and procedure was
provided. Informed consent was obtained from all indi-
vidual participants included in the study. The study pro-
tocol was approved by the ethics committee of the Jena
University Hospital (2643-08/09). All participants were
clinically examined and asked about their medical histo-
ry. Exclusion criteria were actual back or radiating pain,
any surgery of the spinal column, and also any C-section.
Selected anthropometric characteristics are given in Ta-
ble 1. The level of physical activity on a 1 to 5 self-rating
scale was also obtained from all subjects (see Table 1).
In this scale 1 stands for “no physical activity at all” and
5 is rated as “extremely high level of physical activity”
(daily high intensity sports or hard physical work for at
least one hour).

Testing overview

All tests were conducted in a computerized test and
training device for whole body tilt (CENTAUR, BfMC,
Germany). In this device the subject’s lower body is fixed
at hip and thigh, whereas the upper body remains free
(Figure 1). For the submaximal test conditions portions
of the Upper Body Mass (UBM) were applied by tilting
the subject from vertical position at defined tilt angels.
During these tasks the subject had to remain in upright
body posture and therefore simply to compensate the
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gravitational forces acting on the trunk (Figure 1). Cor-
rect adherence to upright body position was enabled by
a harness, positioned over the subject’s shoulder that
was equipped with strain gauges. A biofeedback mon-
itor in front of the subject contained a crosshair and a
point that was deviated from the center of the crosshair
if any force was applied to the harness, i.e. the person
failed to maintain the desired upright posture. Exact ad-
herence to the mentioned conditions was controlled by
the investigator and assisted by correction suggestions if
necessary. The Maximum Voluntary Contraction (MVC)
tests were also performed in the device with subjects
standing upright.

The applied submaximal test conditions consisted of
isometric applications of 9%, 17%, 34%, 50%, 71%, 87%,
and 100% of the Upper Body Mass (UBM) and were re-
alized by tilting the subjects by 5°, 10°, 20°, 30°, 45°, 60°,
and 90° from vertical position in sagittal plane, i.e. in
forward and backward directions. These tilt angles were
chosen as a compromise between the possibility of ex-
actly adjustable tilt angles and desired equally spaced
torque moment differences. All 14 tasks were applied
in an individually randomized order to prevent possible
order related effects. While the device moved (i.e. tilting
to reach the desired position) subjects leaned relaxed
on the harness and were asked to move away from the
harness and adopt upright body position if the target
angle was reached. Every submaximal task was execut-
ed for approximately ten seconds to ensure isometric
conditions. The submaximal tests incidentally provided
a necessary warmup for obtaining accurate force levels
during the MVC test. After completing the submaximal
tests, subjects then immediately performed at least one
halfhearted practice force test that was followed by
three single MVC trials of which the best was used for
analysis [26]. For this subject were asked to apply their
maximum trunk extension and flexion forces against
the harness for approximately three seconds during
standing with one-minute interval between each test.
Subjects were informed that there would be three MVC
trials [26] and strong verbal encouragement was pro-
vided [7]. MVC execution was observed religiously and
corrected to ensure proper execution. The MVC force
data were already registered during the tests. If conspic-
uous data were observed, i.e. the variability between
the tests exceeded more than 10% the MVC test was
repeated [27,28].

During all test situations the subjects remained with
arms crossed over chest to avoid effects due to varying
arm positions.

The UBM of all subjects was determined while the
device was tilted forward to 90" and participants lay re-
laxed on the harness. At this position the strain gauge
values corresponded to the subjects” UBM. To ensure
plausible values full relaxation of the back muscles was
controlled via Surface EMG (SEMG). Hints were provid-
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Table 2: SEMG Electrode positions.

Muscle Localization/orientation

M. rectus abdominis (RA)
M. obliquus internus (Ol)

M. obliquus externus (OE) pubic tubercle

M. multifidus (MF) iliac spine line and L1

M. longissimus (LO)
ECG

midline)/vertical
Above heart/along heart axis

ed if remaining activity could be detected. This proce-
dure was repeated two times and the highest value was
further used in the analysis. Additionally, the distance
between the iliac crest and the projection of the scap-
ular spine to the spine was determined along the spine
and further used to calculate the individual upper body
torque (UBT, see Table 1) and MVC torque values.

Measurements and data analysis

Bipolar SEMG was taken from five superficial trunk
muscles, simultaneously from both body sides: M. Rec-
tus Abdominis (RA), M. Obliquus Internus Abdominis
(Ol), M. Obliquus Externus Abdominis (OE), M. Multifi-
dus Lumbalis (MF), and M. erector spinae, Pars Longissi-
mus (LO). All electrode positions are detailed in Table 2
and were chosen in accordance with the accepted inter-
national recommendations and Ng [29-31]. Additionally,
the cardiac activity was detected by the application of
a further electrode pair along the heart axis for subse-
qguent elimination of the inevitable ECG- contamination
of the SEMG signals. Prior to SEMG electrode applica-
tion the respective regions were marked by an experi-
enced examiner, shaved if necessary, and cleaned with
abrasive paste (Epicont, GE, Germany). The used elec-
trodes had a circular uptake area of 1.6 cm diameter
(H93SG, Covidien, Germany) and an inter-electrode dis-
tance of 2.5 cm. The SEMG signals were amplified (gain:
1000, input impedance: 1200 GQ, noise level: < 1 pV,
CMRR > 120 dB, 10-700 Hz, 1t order RC filter, Biovision,
Germany), analog to digital converted (2000/s, Tower of
Measurement, 24 bit resolution at + 5V: 0.6 nV/bit, an-
ti-aliasing filter at 1000 Hz, DeMeTec, Germany), collect-
ed (ATISArec, GJB, Germany) and stored on hard drive
for offline processing. The MVC force data were deter-
mined by simultaneously capturing the strain gauge
values together with the SEMG data. To determine the
MVC force levels steady sections of the force graph cor-
relating to the three MVC trials were marked. For each
of these sections the mean was calculated, and the high-
est value was used as the respective MVC force level.

Raw data were band-pass filtered between 10 Hz and
300 Hz. Possible interferences from the power supply
were eliminated by a 50 Hz notch filter. To eliminate the
inevitable ECG contamination of the SEMG signals only
steady-state sections of 400 ms, starting at an interval
of 100 ms subsequent to all determined R-waves, were

Anders et al. Int J Sports Exerc Med 2018, 4:089

Caudal electrode at navel height, 4 cm from center/vertical
Medial inguinal ligament, at anterior superior iliac spine height/horizontal
Cranial electrode directly below lowest point of the costal arch/along line to contralateral

Caudal electrode at L5 height/1 cm medial and parallel to line between posterior superior

Caudal electrode at L1 height, over palpable bulge of muscle (approx. 2 fingers lateral from

considered for analysis. The average value of all respec-
tive segments was used to calculate the representative
root mean square (rms) values per trial and muscle. The
NME of the abdominal muscles was determined using
data from all backward tilt positions (i.e. isomeric trunk
flexion tasks) and for the NME of back muscles all the
forward tilt data were combined (i.e. isomeric trunk ex-
tension tasks).

Determination of the NME

NME can be calculated from either MVC tasks or
a series of submaximal tasks. To determine the NME
during MVC tasks the developed torque or force is relat-
ed to the respective rms value [32,33]. In our investiga-
tion we calculated NME by using a series of submaximal
tasks, similar to the approach of David and colleagues
[18]. This at first required the identification of the best
fit for the respective rms to torque relationships. A sec-
ond order polynomial function resulted in the best fit
(coefficient of determination (r?) 0.971 to 0.991; mean:
0.984, SD + 0.006) for all muscles, in both sexes and age
groups. The rms values were then linearized by appli-
cation of the natural logarithm. From these logarithmic
transformed rms data individual linear regression slopes
were fitted. The mean NME for every muscle, sex, and
age group was determined by averaging the inverse val-
ues of the respective individual linear slopes.

Statistical analysis

At first, a repeated measures ANOVA was performed
to detect if any influence of body side on NME had to
be considered and it was deemed there is no side in-
fluence. Therefore, pooled values from both sides were
used for all subsequent analyses.

Prior to the detailed statistical analyses a univariate
ANOVA was performed to identify general influences of
muscle, sex, and age on NME. Specific tests for group differ-
ences of NME indices were performed by the application of
Student’s t-tests for independent samples. The significance
level was set to p < 0.05. All analyses were conducted with
IBM SPSS Statistics 21.0 (IBM, NY, USA).

Results

The univariate ANOVA of the NME indices showed
significant influences of age (F = 6.849, p = 0.009),
sex (F = 89.392, p < 0.001), and muscle (F = 215.395,
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Table 3: NME indices of the investigated trunk muscles.

Young Female vs. Elderly Female vs.
Female Male Male Female Male Male
RA 209+6.9 214 3.7 n.s. 226+6.7 26.0+7.5" n.s.
Ol 30.0 £ 10.0° 31.6£9.0° n.s. 40.2+17.7 409+15.9 n.s.
OE 324 +£10.3 329+56 n.s. 33.5+91 37.7+10.6 n.s.
MF 504 +12.4 76.6 +17.8 p < 0.001 51.9+17.8 81.9+18.9 p < 0.001
LO 64.3+15.4 94.9 +28.7 p < 0.001 59.6+21.4 99.1+£35.7 p < 0.001

Data are presented as mean * SD. Tests between age groups: ‘p < 0.05, “p < 0.01.

SEMG amplitude to torque
relationship: polynomial trends
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O] B0 g ae

UBT [Nm]

female, young

= male, young

logarithmic SEMG amplitude to
torque relationship: linear trends

Ln rms [uV]

Ln rms [pV]
© B N W AU 5 L0 0wse 0o

Ln rms [uV]

o B N W B~ O,

Ln rms [pV]

o B N W M~ v

Ln rms [uV]

— female, elderly

male, elderly

UBT [Nm]

Figure 2: Trend curves for the SEMG to torque relationships of portions of the upper body mass expressed as Upper Body
Torque (UBT) values. Left: polynomial trend curves of the respective mean SEMG amplitude to torque relationship, Right:
linear trend curves of the logarithmic transforms of the mean SEMG amplitude to torque relationship.

p < 0.001), with a significant but ordinal interaction be-

tween sex and muscle (F =25.811, p < 0.001). Therefore,
muscles were further analyzed individually and sepa-

rately for sex and age.

Anders et al. Int J Sports Exerc Med 201

The NME indices of the abdominal muscles differed

with age, always being higher in the elderly subjects.
This could significantly be shown in males for the RA and

Ol and in females for the Ol (Table 3). In contrast, female
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Figure 3: SEMG amplitude to torque relationships of the investigated male (left) and female (right) subjects. The statistics
were performed under the assumption of equal UBT values. All data are given as mean + SD.
Table 4: MVC torque levels.
Young Female vs. Elderly Female vs.
Female Male Male Female Male Male
flexion 124.7 £ 37.0 220.6 £49.8 p <0.001 126.3 £ 31.2 215.1+44.4 p < 0.001
extension 160.1 £ 32.8™ 266.8 £ 47.8 p <0.001 127.7 £ 39.1" 239.1 £ 68.3 p < 0.001

Torque data are presented in Nm. All data are given as mean + SD.

Tests between age groups: ‘p < 0.05, “p < 0.01.

subjects always showed significantly lower NME indices
for the back muscles independent of age.

The relationship between the SEMG amplitudes to-
gether with their logarithmic transforms versus the re-
spective torque levels are detailed in Figure 2. In males
SEMG amplitudes at almost all submaximal torque
levels differed between the two age groups, being al-
ways higher in the young group (Figure 3). However, in

Anders et al. Int J Sports Exerc Med 201

females significant SEMG amplitude differences could
only be observed in the abdominal muscles, again with
higher levels in the young group (Figure 3).

For both flexion and extension muscle groups the
MVC torque levels were always significantly higher in
male subjects. For the maximum extension task young
women showed significantly higher torque levels in
comparison to the elderly female group (Table 4).
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Discussion

The actual investigation determined NME indices of
trunk muscles at submaximal torque levels that were in-
duced by graded tilts in sagittal plane. For the abdominal
muscles NME indices were always higher in the elderly
subjects, this was especially pronounced in the male
group. Interestingly, for the back muscles no systemat-
ic age-related influences of the NME could be proven,
but women in comparison with men showed significant-
ly lower NME indices. As expected, men in comparison
with women always showed higher MVC levels. Interest-
ingly, the MVC levels during flexion (abdominal muscles)
were almost identical between both age groups, but
for the maximum extension (back muscles) the young
groups both performed better - significantly so for the
female subjects.

Validity of data

The NME data of the present study are in good
agreement with the results of David, et al. [18] and this
substantiates a trustworthy basis for the present inves-
tigation. They determined NME indices of the RA and
MVC flexion torque levels in female gymnasts, male
runners, and normally active controls of both sexes. The
young males’ NME indices of the RA in the present study
are positioned just midway between the NME indices of
the male controls and the runners of the David study.
The NME indices of our young female group correspond
more to the group of gymnasts and not their normal fe-
male controls. As to the MVC torque data our female
young group’s data perfectly match with the Davis
young normal controls data, but our young males per-
formed more like the male runners. Because both MVC
and NME data of our young males were better than in
the David investigation it might be that our young males
were somehow fitter. To further support the correspon-
dence of these two studies, the BMI of our young groups
of both sexes fit nicely with those of the respective sex
groups [18].

Is the NME a redundant parameter?

If NME is redundant with either MVC and SEMG am-
plitudes then one would expect concordant differences
between age groups and between sexes, but this is not
the case: NME, independent of sex, increased with age
for all tested muscles for both flexion and extension,
while MVC during extension together with all SEMG am-
plitude levels decreased with age and remained virtually
unchanged during flexion. By looking at sex differences
we found the NME to be higher in males for the back
muscles only. As expected MVC levels, again together
with the SEMG amplitude levels, were always higher in
males in both flexion and extension exercises.

Morphofunctional background

With increasing age, due to age related involution,
there is a loss of alpha and gamma motor neurons

Anders et al. Int J Sports Exerc Med 2018, 4:089

[34,35] together with a numerical atrophy that is par-
ticularly pronounced in type Il fibers [36]. Data from
healthy young subjects of both sexes are available de-
tailing fiber type and distribution of thoracic and lumbar
back muscles [37]. Mannion and colleagues showed that
the cross-sectional area of all muscle types was consid-
erably larger in men [37]. Further, the ratio of type | fi-
bers is much higher in back muscles as compared with
the abdominals [38,39].

Combining these morphological facts helps to hypo-
thetically explain the found differences in NME indices,
since they are in concordance with the expected Cross
Sectional Area (CSA) of type | fibers according to age,
sex, and specific muscle (i.e. localization).

Beside the involution related arguments, the elderly
subjects showed an elevated BMI. This was independent
of sex. By definition the calculation of the NME is inde-
pendent from amplitude level. At this point it cannot be
excluded that the reduced amplitudes in the elderly may
have yet influenced the results, most probably due to ir-
regular dampening conditions for low and high muscular
strain levels. This argument also remains hypothetical,
since to the authors’ knowledge no systematic investi-
gations exist in this regard.

Limitations

Since we did not measure the fiber-type distribution
in our subjects the given hypothetical interpretation of
NME still contains a missing link that has to be closed by
future investigations.

The present study was conducted using the CEN-
TAUR that applies graded forces on the trunk by tilting
the subjects in sagittal plane. This offers the advantage
of highly reliable testing, but still is an artificial situation.

A second order polynomial function was the best fit
of the amplitude to torque relationship of all investigated
trunk muscles. However, the non-transformed SEMG val-
ues the back muscles showed a very low quadratic coeffi-
cient (mean values MF: -0.00023, LO: 0.00046) that would
allow the application of a linear regression with high ac-
curacy [40], but one would not have been able to directly
compare NME data between back and abdominal muscles.
Therefore, by generally using the logarithmic transformed
data any unaware error due to misleadingly applied linear
calculations for the non-transformed values of the abdom-
inal muscles can be avoided.

Conclusions

Summarizing all mentioned aspects NME indices
might be a correlate of the functional cross sectional
area of type | fibers: The number of type | fibers is al-
ways higher in the back muscles and the CSA of all fi-
ber types is larger in men. Further, with increasing age
primarily the number of type Il fibers is reduced. This
affects the abdominal muscles first since they contain a
larger proportion of type Il fibers.
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The NME seems to be a force independent but mor-
pho-functionally linked characteristic of muscle function
that is independent from SEMG amplitude level and
maximum force (MVC). It may therefore be applied as a
physiologically derivable indicator of the type | to type
Il ratio, but this is currently speculative. Based on the
known age-related change in fiber type, it may be rea-
sonable to infer that the elderly showed higher NME in-
dices of their abdominal muscles and men showed larg-
er NME indices of back muscles than women.

SEMG amplitudes are influenced by many factors.
Because of this it is recommended to normalize SEMG
amplitudes. To account for interindividual differences in
this study we measured the BMI and the SFT. Neither
one of these was able to explain all the observed dif-
ferences. This is in agreement to previous theoretical
[41,42] and practical [43] results: Accounting for subcu-
taneous fat failed to sufficiently explain interindividual
amplitude variance of SEMG amplitudes [43,44].

Practical Applications

The NME of trunk muscles shows differences accord-
ing to sex, age, and specific muscle. The calculated NME
indices are robust against both systematic SEMG ampli-
tude differences and MVC levels. The NME therefore of-
fers a promising complementary, physiologically based
measure to assess the functional state of trunk muscles
that may indirectly hint at fiber type distribution, al-
though at this point this is mostly speculative. The NME
could then be used to specifically guide and monitor re-
habilitation and training. In as far as how well a certain
protocol is supporting the increase of the one or the
other type of muscle fiber (type | for increased strength
and type Il for increased stability) the NME would then
change or not. Anyhow, this hypothesis needs to be
proven by specific training interventions.
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