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Abstract

The interrelationship between muscle strength, motor unit (MU) number, and age is poorly
understood, and in this study we sought to determine whether age-related differences in muscle
strength are moderated by estimates of functioning MU number and size. Eighteen older adults
(OA; 67£1.20 yrs) and 24 young adults (YA; 22+0.74 yrs) participated in this study. Maximum
voluntary pinch grip strength of the nondominant hand was determined and estimates of MU
number were obtained from the abductor pollicis brevis muscle using the noninvasive motor unit
number index (MUNIX) technique. The MUNIX technique was also utilized to derive a motor
unit size index (MUSIX). An analysis of covariance (Age Group X MUNIX or MUSIX) was used
to test heterogeneity of regression slopes, with body mass and gender serving as covariates. We
observed that the slope of pinch grip strength on the estimated number of MUs between YA and
OA differed, indicated by an Age Group X MUNIX interaction (p=0.04). Specifically, after
controlling for the effect of body mass and gender, the slope in OA was significantly positive
(0.14+0.06 N/MUs, p=0.03), whereas no such relationship was found in YA (—0.08+0.09 N/MUs,
p=0.35). A significant Age Group X MUSIX interaction was also observed for strength (p<0.01).
In contrast to MUNIX, the slope in younger adults was significantly positive (0.48+0.11 N/p.V,
p<0.01), whereas no such relationship was found in older adults (—0.30£0.22 N/u.V, p=0.18).
These findings indicate that there is an interrelationship between muscle strength, MU numbers,
and aging, which suggests that a portion of muscle weakness in seniors may be attributable to the
loss of functioning motor units.

INTRODUCTION

In 2011, the U.S. Census estimated there were 41.4 million persons aged 65 and older, or
13% of the population. By 2030, the number of older persons is expected to increase to more
than 72 million (20%) and continue to increase thru 2050. Aging is associated with a myriad
of physiological and functional changes, with one dramatic change being a reduction in
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neuromuscular function (e.g., decreased muscle strength) (Manini & Clark, 2011). A
number of cellular and systems level neuromuscular changes have been suggested to occur
with advancing age (Clark & Taylor, 2011; Delbono, 2011; Deschenes, 2011; Fry &
Rasmussen, 2011; Russ et al., 2011), with one of the most commonly cited changes being a
reduction in the number of functioning motor units (MUs) with incomplete compensatory
reinnervation (Brown 1972; Brown et al., 1988; Doherty et al., 1993; Galea, 1996; McNeil
et al., 2005).

The loss of MUs with advancing age has previously been hypothesized to be functionally
significant by directly contributing to muscle weakness commonly observed in elders
(McNeil et al., 2005). A positive linear correlation was found when motor unit number was
regressed over strength in a sample of physically active older adults (Doherty et al., 1993),
indicating the role motor units play in modulating strength production in elders. However,
other studies have reported that muscle weakness in aging is not necessarily related to
reductions in motor unit number (Dalton et al., 2008; Power et al., 2010). Accordingly, the
purpose of this experiment was to determine whether age-related differences in muscle
strength are moderated by number of functioning motor units. We also examined the size of
the motor units and their effects on muscle strength. We hypothesized that there was an
interrelationship between muscle strength, motor unit number, and aging, such that weaker
older adults exhibit a reduced number of motor units in the absence of differences in motor
unit size. We utilized the motor unit number index (MUNIX) technique, which is a recently
developed non-invasive electrophysiological technique thought to provide an index
proportional to the number of motor units in a muscle (Ahn et al., 2010; Boekestein et al.,
2012; Furtula et al., 2013; Li et al., 2012; Nandedkar et al., 2010; Nandedkar et al., 2004;
Neurwirth et al., 2010; Sandberg et al., 2011).

METHODS

General Overview of the Study

Eighteen older adults (OA) and 24 young adults (YA) participated in this study. Following
an orientation visit to the laboratory, subjects underwent maximum voluntary pinch grip
strength testing of the nondominant hand and estimates of motor unit number were obtained
from the abductor pollicis brevis muscle using the noninvasive MUNIX technique. The
MUNIX technique is a recently developed noninvasive neurophysiological technique that
has been suggested to provide an index proportional to the number of MUs in a muscle
(Nandedkar et al., 2004, 2010). The MUNIX value is derived from mathematical derivations
based on the area and power of the maximum compound muscle fiber action potential
(CMAP) and voluntary surface electromyogram (EMG) recordings. An analysis of
covariance (Age Group X MUNIX) was used to test heterogeneity of regression slopes
(moderation analysis), with body mass and gender serving as covariates.

Study Participants

Community dwelling OA (67+1.20 years; 12 females and 6 males) and YA (22+0.74 years;
10 females and 14 males) participated in this study. To be eligible for the study, subjects had
to have a body mass index <30 kg/m? (to ensure high quality EMG recordings by excluding
individuals with excessive amounts of subcutaneous adipose tissue). Individuals were
excluded if they had any known neurological or orthopedic conditions. Additionally,
individuals were excluded if they were participating in a resistance exercise-training
regimen greater than one day per week. Subjects were asked to refrain from alcohol (24
hours) and caffeine, nicotine, and exercise (4 hours) before the testing sessions. This study
was approved by the Ohio University IRB and all subjects gave written informed consent
prior to study participation.
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Electrical and Mechanical Recordings

EMG signals were recorded using surface electrodes (Kendall Soft-E H69PSurface
Electrodes, Kendall Ltp, Mansfield, MA) arranged in a monopolar fashion on the palmar
surface of the non-dominant hand. Specifically, the active recording electrode was placed
over the belly of the abductor pollicis brevis (APB) muscle halfway between the metacarpo-
phalangeal joint and the trapezium of the thumb, the reference electrode was placed on the
ipsilateral wrist flexor tendon, and the ground electrode was placed on the bony portion of
the dorsal aspect of the contralateral hand. The EMG signals were amplified (500-1,000x),
bandpass-filtered (10-500 Hz), and sampled at 10,000 Hz (MP150, Biopac Systems, Goleta,
CA).

Pinch-grip strength was quantified using a force transducer (TSD121C, Biopac Systems),
and the signals were smoothed over a 5-msec running average (AcqgKnowledge 4.2, Biopac
Systems). Participants forearm and wrist were positioned in an anatomically neutral position
at the level of the xiphoid process while seated at a table. During the pinch-grip task,
participants pinched a 3.7 cm wide transducer with the pads of the thumb (1st finger) and
index finger (2nd finger). The 3rd-5th fingers were flexed and secured to the hand using an
elastic band (Fabrifoam, Exton, Pennsylvania). Subjects were given real-time visual
feedback on a computer monitor located 0.5 meters in front of them (AcgKnowledge 4.2,
Biopac Systems). An illustration of the experimental set-up is shown in Figure 1.

Pinch-Grip Strength

Maximal pinch-grip strength was assessed by having subjects perform a minimum of three
maximal voluntary isometric contractions (MVCs) (Figure 1). A one to two minute rest
period was given between trials. The MVC force was considered as the highest value
recorded. If the participants' highest values were not within 5% of each other, additional
trials were permitted. Verbal encouragement was given with each attempt and subjects were
provided visual feedback of their force output on the computer monitor.

CMAP and Surface Interference Patterns

The CMAP (Figure 2, left trace) was evoked by stimulation of the median nerve with a
constant current stimulator (200-microsecond pulse; Model DS7AH, Digitmer Ltd.,
England) in the area two centimeters proximal of the wrist crease. The maximum CMAP
was determined by failure of the M-wave to increase in amplitude despite an increase in
stimulator output.

Surface interference patterns (SIPs) (Figure 2, top trace) were recorded during brief (~ 5
second) pinch-grip submaximal contractions as well as during the MV Cs. During the
submaximal contractions, study participants performed a series of 12 pinch-grip contractions
with the first six increasing in intensity (from 10% MVC to 60% MVC in 10% increments).
Subsequently, participants performed the same series of submaximal contractions in reverse
order (i.e., a brief contraction at 60% MVC followed by decreasing intensity contractions in
10% increments). During each of these contractions, a target line representing each specified
contraction level was displayed on the computer monitor and subjects were asked to match
this target line. At least 20-seconds rest was allowed between each contraction. Data from
the first trial at each of the submaximal contraction intensities and the MV C, equaling 7
contractions, were used in the MUNIX calculation. If the first trial exhibited artifact or
noise, the second trial was used for analysis (see below for further details).

MUNIX & MUSIX Calculations

The MUNIX value is based on a mathematical model that relies on evoked CMAPs and
surface EMG data from the voluntary contractions (i.e., the SIP's) (Nandedkar et al. 2004,
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2010). Specifically, the CMAP and SIP area and power were calculated, and applied to
equation 1 to yield an ideal case motor unit count (ICMUC) for every contraction intensity:
ICMUC = (CMAPpower* SIPAREANCMAP area ™ SIPpower). The ICMUC assumes that
all motor unit action potentials are the same and no phase cancellation occurs, giving an
indication of the number of motor units in the muscle. Each ICMUC value was plotted over
the SIP area, and the points were fit with a power regression. Where the line crosses 20-
mVms on the x-axis the ICMUC value is reported as the MUNIX value, representing an
estimate of the number of motor units in the muscle. The SIP area of 20-mVms is based on
the premise that it reflects a low level of force output that elicits the firing of all low
threshold motor units (Nandedkar et al., 2004, 2010).

To provide further insight about motor unit losses, the motor unit size index (MUSIX) was
also calculated and used as an index of collateral reinnervation. Once MUNIX is calculated,
MUSIX was computed based on equation 2: MUSIX = CMAP ampjituged MUNIX. Prior to the
analyses, the SIP signals were visually scrutinized to identify any artifact in the signal. If
substantial noise was detected, the SIP epoch was rejected for analysis. For the acceptable
SIP signals, a 1-sec epoch was used to calculate the SIP area and power. In order to
standardize what epochs were accepted, the inclusion criteria previously described by
Nandedkar et al. (2010) were utilized. The inclusion criteria are as follows: a) SIP area > 20
mVms, b) ICMUC < 100, c) SIP area/CMAP area > 1.

Statistical Analysis

RESULTS

Descriptive statistics between groups were compared using independent t- and X2 tests. All
values were reported in meanzstandard error. Analysis of covariance procedures (Age
Group X MUNIX or MUSIX) were used to test heterogeneity of regression slopes
(moderation analysis), with body mass and biological gender serving as a covariates for both
the MUNIX and MUSIX estimates. Continuous predictors were mean-centered so that the
main effect of the age group would reflect the group difference at the mean of the predictors.
Additionally, previous studies have reported an association between the CMAP amplitude
and MUNIX in both healthy individuals as well as those with motor neuron disease or
neurological disorders (Ahn et al., 2010; Nandedkar et al., 2010; Sandberg et al, 2010;
Neuwirth et al., 2011; Boekestein et al., 2012; Li et al., 2012; Furula et al., 2013). As such,
we examined this relationship by calculating a correlation coefficient between the respective
measures. For all analyses, the R statistical language (version 2.15.0) was used, and a p-
value < 0.05 was required for statistical significance (2-tailed).

Descriptive Characteristics

The mean age of the OAs was 67+1.20 years, and the YAs were 22+0.74 years (p<0.01).
The OAs had a similar body weight and height as the YAs (69.7+£2.77 kg vs. 72.6+2.39 kg,
p=0.44; 167.7£1.98 cm vs. 173.2+2.30 cm, p=0.09). After controlling for gender and body
weight, OAs and YAs had similar MUNIX values (112+11 MUs vs. 115+10 MUs, p=0.80),
while OAs had a 28% smaller MUSIX than YAs (52+5 pV vs. 72+4 nV, p<0.01). The OAs
also exhibited a 30% lower CMAP amplitude in comparison to the Y As after controlling for
gender and body weight (5.39+0.64 mV vs. 8.00+0.56 mV, p<0.01).

Pinch Grip Strength, MUNIX, & MUSIX

The slope of the abductor pollicis brevis MUNIX on pinch grip strength between the OAs
and the YAs differed, as indicated by a Age Group X MUNIX interaction (p=0.04).
Specifically, the model implied that after controlling for the effect of body mass and gender,
the slope in OAs was significantly positive (0.14+ 0.06 N of strength/MU, p=0.03; see
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Figure 3), whereas no such relationship was found in YAs (-0.08+0.09 N of strength/MU,
p=0.35; see Figure 3). Reflecting this regression heterogeneity, the main effect of MUNIX
was not significant (p = 0.35). No age group main effect was observed indicating that the
OAs, on average, exhibited similar pinch-grip strength when compared to the YAs after
controlling for MUNIX and the other factors (OA=44.45+£3.02 N vs. YA = 36.52+3.50 N,
£~=0.10). Sex was significantly correlated with pinch grip strength (p=0.03) but body weight
was not (p=0.72) when MUNIX was used as a predictor. We observed a modest association
between CMAP amplitude and MUNIX, with CMAP amplitude explaining approximately
32% of the between subject variability in MUNIX (r=0.56, p<0.01).

A significant Age Group X MUSIX interaction was also observed for strength (p<0.01; see
Figure 5C). In contrast to MUNIX, the slope in Y As was significantly positive (0.48+0.11
N/uV, p<0.01; see Figure 4), whereas no such relationship was found in OAs (-0.30£0.22
N/uV, p=0.18; see Figure 4). While the main effect of MUSIX was again not significant
(p=0.45), an age group main effect was observed indicating that the OAs exhibited 20%
smaller pinch-grip strength than the Y As after controlling for MUSIX and the other factors
(32.98+3.91 N vs. 40.50+2.78 N, p<0.01). Both gender nor body weight was correlated with
pinch-grip strength with the effect of MUSIX and the other factors removed (p-
values>0.06).

DISCUSSION

This investigation utilized the MUNIX technique to obtain an index of functioning motor
unit number and size in younger and older adults. It was hypothesized that there would be an
interrelationship between muscle strength, motor unit number, and aging, such that weaker
older adults would exhibit a reduced number of motor units in the absence of differences in
motor unit size. Consistent with the hypothesis, the relationship between muscle strength
and MUNIX amongst the older adult cohort indicated that the weaker individuals exhibited a
smaller MUNIX value. No such relationship was observed for the older adult cohort as it
related to MUSIX. Also consistent with the hypothesis, these relationships differed between
the younger and older adult groups, indicating the age-dependent nature of these
relationships. To our knowledge this work represents one of the first studies to report an
interrelationship between muscle strength, motor unit number, and aging. Below these
findings are discussed in the context of the mechanisms and contributors to muscle
weakness as well as limitations of the current work.

Mechanisms and Contributors to Muscle Weakness

The finding that between-subject differences in muscle strength were mediated by indices of
functioning motor unit number in an OA is in agreement with earlier findings by Doherty
and colleagues (1993) when the spike-triggered averaging MUNE technique was used to
estimate motor unit number. Here, a modest positive linear correlation (r=0.52) was found
when estimates of motor unit number were regressed over maximal voluntary strength of the
elbow flexor muscles in healthy, physically active older adults (> 60 years). Conversely,
while there are numerous studies suggesting that there is generally a marked reduction in
motor unit number in OA (Brown 1972; Brown et al., 1988; Doherty et al., 1993; Galea,
1996; McNeil et al., 2005), the majority of studies do not assess or evaluate strength, and in
the ones that do, a concomitant reduction in voluntary strength is not always observed
(McNeil et al., 2005). As such, this finding is somewhat in disagreement with some prior
reports. For instance, McNeil et al. (2005) reported that motor unit number of the tibialis
anterior muscle, which were quantified using the decomposition-enhanced spike-triggered
averaging (DE-STA) MU number estimation technique, were reduced in men in their 60's
(91£22 MUs) and men in their 80's (59+15 MU's) when compared to young adults (150+43
MUs); however, dorsiflexion muscle strength was only significantly reduced in the oldest
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cohort relative to the young adults. Similarly, Power and colleagues (2010) also used the
DE-STA estimation technique and observed that older runners (6443 years) exhibited 25%
less dorsiflexion muscle strength when compared to young, recreationally active adults, but
no differences in motor unit number were observed. Most recently, Drey and colleagues
(2013) used the MUNIX technique to estimate motor unit number and size of the hypothenar
muscle in 27 sarcopenic patients (i.e., individuals with low gender-specific skeletal muscle
mass index and exhibiting impairments in physical function). While muscle strength was not
assessed, they did observe that the sarcopenic patients MUNIX values, on average, were
lower than those observed in healthy, young adults, and the authors even suggested that a
subset of the patients' sarcopenia could be directly attributed to the loss of motor neurons.

Our findings help clarify some of the discrepancy in the literature by providing evidence that
there is an interrelationship between muscle strength, estimates of MU number, and aging.
At first glance, our results appeared to suggest no association between muscle strength and
MU number as the OA and YA did not exhibit mean group differences in MUNIX or
strength per se. However, closer inspection using a moderation analysis indicated that
indeed an interrelationship between muscle strength, motor unit number, and aging exists
with the weaker elders demonstrating fewer motor units. Interestingly, an interrelationship
was also observed as it relates to estimates of motor unit size; however, this relationship was
primarily driven by the young adult group as the older adult group did not demonstrate a
significant relationship between MUSIX and muscle strength. The older adults' lack of
relationship between MUSIX and muscle strength conceptually could be indicative of the
weaker older adults experiencing a loss of motor units without collateral reinnervation. With
regards to the positive association observed in YA, it raises the question of whether this
provides evidence that the stronger YA have larger threshold motor units with higher
innervation ratios, which have been shown to result in higher evoked muscle force (Kwa,
Korfage, & Weijs, 1995).

In recent years our understanding of the mechanistic contributors to muscle weakness in the
elderly has expanded. For the better part of the last half-century the prevailing thought
attributed muscle weakness in the elderly to muscle wasting (i.e., atrophy) (Clark & Manini,
2008; Manini & Clark, 2012). However, recent longitudinal studies have indicated that the
change in muscle mass with advancing age only explains a modest amount of the change in
muscle strength (for review please see Cruz-Jentoft, 2012; Manini & Clark, 2012). Data
from the last one to two decades now indicates that several physiological mechanisms are
likely associated with the etiology of muscle weakness in seniors. For instance, a series of
elegant studies examining the effects of aging on excitation-contraction coupling suggests
that impairment in this process is likely one contributor to muscle weakness (Boncompagni
et al., 2006; Gonzélez et al., 2000; Renganathan et al., 1997; Renganathan & Delbono, 1998;
Russ et al., 2011). Additionally, there is compelling evidence to suggest that changes in the
nervous systems form and function also contribute to muscle weakness (for review see Clark
& Taylor, 2011). For example, Harridge et al. (1999) reported that OA in their 80's and 90's
were only able to voluntarily activate their quadriceps muscles at ~80% of its maximal
activation capacity suggesting that if the nervous system were able to fully activate the
musculature a nearly 20% increase in muscle strength would result. A neurological
impairment in voluntary activation could be due to many factors, such as a reduction in
descending drive from the supraspinal centers arising from alterations in intracortical
excitability and/or neuroanatomical changes (Clark et al., 2010; Clark & Taylor, 2011;
McGinley et al., 2012) as well as from alterations in alpha motor neuron properties that alter
their discharge rate characteristics (Christie & Kamen, 2006; Kamen et al., 1995). Similarly,
the data from the present work suggests that reductions in motor units without complete
collateral reinnervation may also be a contributor to muscle weakness. It is difficult to know
whether our observed association is indicative of an actual anatomical reduction in motor
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unit number per se or whether it is reflective of motor units being functionally unresponsive.
Interestingly, prolonged disuse, which is a common experimental model to study muscle
weakness as it is well known to induce dramatic reductions in muscle strength (Clark, 2009).
Additionally, a 3-week immobilization model in felines has been shown to result in some
MUs no longer producing measureable force or EMG activity in response to direct electrical
stimulation of the MU (Robinson et al., 1991). Future work is needed to more thoroughly
understand whether proportion of the weakness observed in aging results from functionally
unresponsive MUs, and, if so, subsequently developing effective strategies to enhance
functional responsivity.

Motor Unit Number Estimation Techniques and Limitations of the Current Work

There are several limitations of the current work that should be noted. First, while we have
demonstrated moderate to moderately-high reliability of the MUNIX and MUSIX measures
(Kaya et al., In Revision), it is critical to recognize that these techniques are still in their
relative infancy and there are still questions surrounding the validity of the MUNIX
technique to quantify motor unit number and size. The major concern previous
investigations have cited is the inability of MUNIX to accurately reflect the true number of
motor units in the studied muscle. MUNIX was designed as an “index,” a measurement that
is not intended to be used as an “estimate,” therefore investigators should not interpret the
MUNIX and MUSIX values as true reflections of anatomic MU number and size. There is a
lack of studies comparing the MUNIX technique to other MU number estimation
techniques, and the limited work that has examined this issue is inconclusive with a
correlation between techniques noted in some populations but not others (Boekestein et al.,
2013; Furtula et al., 2012). As such, further work is needed to better identify the strengths
and limitations of the MUNIX technique. Additionally, reservation should be taken
interpreting our findings until further work is done exploring the effect of atrophy of
MUNIX. Recently, Li and colleagues conducted a computer-modeling simulation study
where muscle atrophy was simulated by assigning a reduced amplitude of the motor unit
action potentials, and observed that reducing the amplitude resulted in underestimating the
MUNIX value (Li et al., 2012). Thus, it is possible that between-subject and between-group
differences in MUNIX could be influenced by differences in muscle size; however, it should
be noted that the association between fiber size and action potential amplitude is only
modest to moderate (Hakansson, 1956) and further work is required to better understand
how various factors influence MUNIX. Other limitations of the current work that should be
noted are the cross-sectional study design and the relatively small sample size. Further, the
findings of the present work should be delimited to the muscle group studied, as there is
evidence that age-related changes in neuromuscular form and function varies depending on
the muscle group studied (Candow & Chilibeck, 2005; Lanza et al., 2013).

CONCLUSIONS

In this study we sought to determine whether age-related differences in muscle strength are
moderated by estimates of functioning MU number and size. We used the MUNIX
technique to obtain indexes of MU number and size, and conducted a moderation analysis to
examine the interrelationship between aging, strength, and MU properties. Our findings
indicated that a positive association between muscle strength and MUNIX in OAs with no
such relationship observed among the OA for MUSIX. These findings indicate that there is
an interrelationship between muscle strength, MU numbers, and aging, which suggests that a
portion of muscle weakness in seniors may be attributable to the loss of functioning motor
units.
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Figure 1.

Experimental setup of subject performing graded contractions at percentage(s) of their
maximal voluntary contraction force. Inset: Enlarged view of the force transducer and pinch-
grip task protocol.
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Figure2.

Representative example of an evoked compound muscle action potential (left trace), and the
surface electrographic interference patterns (top right trace) during brief pinch-grip
isometric force contraction tasks (bottom right trace).
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Figure 3.

The relationship between pinch-grip strength and motor unit number index (MUNIX) in
both young and older adults. A positive linear relationship between strength and MUNIX
was found in the elderly (left panel). No relationship between strength and MUNIX was
found in the young (right panel).

*Slope is statistically significant at p<0.05.
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Figure4.

The relationship between pinch-grip strength and motor unit size index (MUSIX) in both
young and older adults. No relationship was observed between strength and MUSIX in the
elderly (left panel). A positive linear relationship between strength and MUSIX was found
in the young (right panel).

*Slope is statistically significant at p<0.05.

Exp Gerontol. Author manuscript; available in PMC 2014 September 01.



