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Abstract

Previous investigations that have studied motor unit firing rates following strength
training have been limited to small muscles, isometric training, or interventions
involving exercise machines. We examined the effects of ten weeks of supervised
barbell deadlift training on motor unit firing rates for the vastus lateralis and rectus
femoris during a 50% maximum voluntary contraction (MVC) assessment. Twenty-
four previously untrained men (mean age =24 years) were randomly assigned to
training (n=15) or control (n=9) groups. Before and following the intervention, the
subjects performed isometric testing of the right knee extensors while bipolar
surface electromyographic signals were detected from the two muscles. The
signals were decomposed into their constituent motor unit action potential trains,
and motor units that demonstrated accuracy levels less than 92.0% were not
considered for analysis. One thousand eight hundred ninety-two and 2,013 motor
units were examined for the vastus lateralis and rectus femoris, respectively.
Regression analyses were used to determine the linear slope coefficients (pulses
per second [pps)/% MVC) and y-intercepts (pps) of the mean firing rate and firing
rate at recruitment versus recruitment threshold relationships. Deadlift training
significantly improved knee extensor MVC force (Cohen’s d=.70), but did not
influence force steadiness. Training had no influence on the slopes and y-intercepts
for the mean firing rate and firing rate at recruitment versus recruitment threshold
relationships. In agreement with previous cross-sectional comparisons and
randomized control trials, our findings do not support the notion that strength
training affects the submaximal control of motor units.
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Introduction

Exercise physiologists have had an interest in the adaptations that occur as a result
of strength training for decades. While the changes in muscle size and the
transformation from type IIx to Ila fibers associated with heavy strength training
are well documented [1, 2], comparatively less is known about the adaptations of
individual motor units during voluntary contractions, particularly for those with
high recruitment thresholds [3]. Within the last 15 years, a number of studies
have examined the effects of strength training on the firing rates of motor units
[4-10]. The ability to form a general consensus on the results of these studies is
difficult, however, because a variety of methodological approaches and time
courses have been used. Patten et al. [7] examined maximal firing rates of the
abductor digiti minimi following strength training in young versus elderly adults.
It was reported that maximal firing rates were 24% greater 48 hours following the
pre-test, and the magnitude of increase was more pronounced for the elderly
(29.5%) versus the young adults (18.2%). Interestingly, the firing rates decreased
thereafter, and by six weeks into the training program, they had nearly returned to
baseline levels. In contrast to adaptations demonstrated for maximal firing rates,
authors that have studied submaximal contractions have not consistently
demonstrated changes as a result of training. Vila-Cha et al. [9] used
intramuscular electromyography (EMG) to assess submaximal firing rates for the
vastus lateralis and vastus medialis following six weeks of strength training versus
endurance exercise. Opposite results were demonstrated for the two modes of
exercise, with small increases and decreases in firing rates during a 30% maximum
voluntary contraction (MVC) assessment for strength and endurance training,
respectively. In addition, investigators that have used signal processing techniques
that allow for the analysis of variables other than maximal and/or mean firing
rates have not observed effects associated with strength training [6, 11]. Kidgell et
al. [6] assessed motor unit synchronization and coherence analyses to conclude
that strength training of the hand did not induce neuromuscular adaptations for
the first dorsal interosseous. Using cross-sectional comparisons, De Luca et al.
[11] found no difference in the common drive of motor units among control
subjects, skilled musicians, swimmers, and competitive powerlifters.

The ability to non-invasively examine the firing rates of motor units via surface
EMG signal decomposition has recently been described in the literature [12—-18].
As described by Nawab et al. [17], improvements in signal processing have
resolved many of the complex challenges associated with an accurate decom-
position. These challenges include action potentials superimposed on each other,
shape changes throughout a contraction, and a large dynamic range. Most
notably, updates to the Precision Decomposition algorithm allow for the analysis
of significantly more motor units than what has previously been described in
motor control studies. This increase can largely be explained by both
improvements in the decomposition algorithm and differences in pickup area for
intramuscular versus surface EMG signals [12,17]. The use of this technology
allows researchers to noninvasively quantify the recruitment, derecruitment, and
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firing statistics (e.g., synchronization, mean firing rates, common drive) of motor
units, which may be valuable for answering a variety of research questions. By
combining motor unit data with regression-based statistical analyses, Beck et al.
[4] examined the effects of strength training on the linear slope coefficient of the
mean firing rate versus recruitment threshold relationship. The y-intercept of the
relationship was not examined. These authors [4] hypothesized that eight weeks of
strength training would systemically increase the firing rates of the high threshold
vastus lateralis motor units, thereby causing a decrease in the linear slope
coefficient of this relationship via equivalency of all mean firing rates (i.e., slope of
zero). In contrast to their research hypothesis, Beck et al. [4] concluded that the
training program did not affect this relationship. It is important to note, however,
that an increase in the group mean MVC value was reported, but only relative
force levels (80% MVC) were studied. In addition to mean firing rates during the
constant-force portion of a contraction, the analysis of motor unit behavior may
also include the firing rates upon recruitment [13]. Like the association between
the mean firing rates of motor units and their respective recruitment thresholds,
the relationship between firing rate at recruitment and recruitment threshold also
appears to be negative [13]. While this dependent variable has been studied for the
vastus lateralis, no previous researchers have examined the rectus femoris. It is
also unclear if this relationship may be influenced by chronic strength training.
Authors that have studied the effects of strength training on motor unit firing
rates have studied small muscles of the hand [6, 7], maximal isometric exercise
[8], or had subjects use exercise machines [4, 5, 9]. These studies have been very
beneficial for answering important research questions concerning the control of
motor units. However, the ability to generalize such findings to a wide audience is
somewhat limited, since exercise interventions involving small muscles of the
hand or maximal isometric contractions are typically not recommended aspects of
exercise programs in healthy populations. Rather, experts generally agree and
recommend that large muscle mass exercises that stress multiple joints be
emphasized within the context of a training program designed to enhance
muscular strength and performance [19, 20]. The present study was undertaken to
examine changes in the mean firing rates of motor units, as well as the firing rates
at recruitment, for both the vastus lateralis and rectus femoris following ten weeks
of supervised deadlift training. The deadlift is an exercise that involves extension
at the knee and hip joints, and relies heavily on force production from the vastus
lateralis and rectus femoris [21]. This investigation differs from previous
methodological approaches [4,5] due to the fact that we examined two force
levels during post-testing: 1) 50% of the pre-test MVC and 2) 50% of the post-test
MVC. In agreement with the results reported by Beck et al. [4], it was our
hypothesis that when the same relative force level was examined for both the pre-
and post-test, there would be no statistical changes in the linear slope coefficients
and y-intercepts for the mean firing rate versus recruitment threshold relation-
ships for the two muscles. In contrast, it was our belief that for subjects
demonstrating a large and meaningful increase in knee extensor MVC force, the
slopes and y-intercepts would be affected during the absolute force measurements.
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In particular, we hypothesized that the y-intercept values would be lower due to
lower firing rates, which is consistent with the fact that less motor unit activity is
required to produce a given absolute, submaximal force following progressive
strength training [22]. We further hypothesized that: 1) the changes demonstrated
following training for the mean firing rate statistics would mirror those for the
firing rate at recruitment and 2) the firing rate statistics for the vastus lateralis and
rectus femoris would be comparable due to their common innervation from the
femoral nerve and similar fiber type composition [23].

Methods

Subjects

Twenty-six men volunteered to participate in this study. Upon enrollment, the
subjects were randomly assigned to strength training (n=15) and control (n=11)
groups. Two subjects in the control group had to be removed from the dataset due
to the accuracy and decomposition requirements described below. Thus, data has
been presented for twenty-four men (mean + SD age =24+ 3 years; body mass
=83.0+17.4 kg). All subjects were healthy and not affected by neuromuscular
and/or musculoskeletal disorders. Each subject had refrained from lower-body
strength training during at least the previous six months. This investigation and
its methods were approved by the Texas Tech University Human Research
Protection Program. The project’s approval number was 504943. All subjects read,
understood, and signed an informed consent form, and completed a health
history questionnaire prior to participation. The subjects in the control group
were asked to refrain from lower-body strength training throughout the duration
of the study.

Strength Training

The subjects assigned to the strength training group visited the laboratory for
supervised strength training twice per week for ten weeks. Each training session
involved conventional barbell deadlifts with the feet placed roughly shoulder
width apart. A minimum of 48 hours of rest was required between training
sessions. The subjects received personal instruction and verbal feedback regarding
their exercise technique throughout the entire study. Since the barbell deadlift has
the potential to result in injuries to the musculature of the lower back in
untrained subjects, maximal strength testing of this exercise was not performed.
Instead, we sought to determine the heaviest external load that allowed each
subject to perform five sets of five repetitions with correct technique. To
accomplish this, the subjects began their first training session with an external
load of 61.4 kg, and weight was added based on the subject’s ability to perform a
set. Each training session began with two warm-up sets of five repetitions. Three
minutes of rest was allotted between each set. As a means of progressive overload,
0.45-2.2 kg was added to the barbell for each training session. In the event that
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five repetitions within a set could not be completed, or if the exercise technique
became compromised because of fatigue, 0.45-2.2 kg was removed from the
barbell. If the subjects were unable to complete five repetitions for each of the five
sets, a sixth set was allowed so that 25 repetitions could be performed. All of the
subjects in the training group performed a total of 25 repetitions for each of the 20
training sessions. The mean + SD external load used to perform the 25
repetitions during the final training session was 124.6 + 20.3 kg. For the subjects in
the training group, the post-test was scheduled a minimum of 72 hours following
the final training session.

Isometric Force Testing

On a separate day 24-48 hours prior to the pre-test, the subjects were familiarized
with the data collection procedures and became comfortable performing single-
joint MVCs of the knee extensors, as well as steady increases and decreases in
submaximal force. Upon arrival to the Muscular Assessment Laboratory, the
subjects were seated in a modified knee extension chair that allowed for force
testing of the isolated knee joint. The subjects were restrained to the chair via
straps that were secured around the chest, abdomen, and hips. A Velcro cuff was
secured around the right ankle joint, which was attached to a calibrated tension/
compression load cell (Model SSM-AJ-500; Interface, Scottsdale, AZ) to allow for
the measurement of isometric force. All maximal and submaximal force testing
occurred at a knee joint angle of 60° below the horizontal plane. This joint angle
was similar to that used during the initiation of each repetition of the barbell
deadlift exercise for the majority of the subjects, and this was verified with a
goniometer. Following a brief submaximal warm-up period, the subjects
performed two, three-second MVCs separated by three minutes. The highest value
from the two trials was chosen as the MVC, and was used to standardize the
submaximal testing among the subjects. Following the determination of the MVC,
the subjects performed a trapezoidal isometric contraction in accordance with a
visual template on a computer monitor. The subjects increased isometric force
from 0-50% MVC in five seconds (10%/second), held 50% constant for ten
seconds, and decreased isometric force from 50-0% MVC in five seconds (10%/
second). The subjects were instructed to maintain their force output as close as
possible to the target force. Force steadiness was defined as the coefficient of
variation ([SD/mean] x 100) over the entire ten second constant-force portion of
the contraction. During post-testing, the subjects performed trapezoidal isometric
contractions at absolute force levels corresponding to 50% of the pre-test MVC, as
well as that for the post-test value. For example, if a subject in the strength
training group demonstrated MVCs of 500 and 700 N for the pre-test and post-
test, the constant-force levels corresponded to 250 and 350 N, respectively. A three
minute rest period was provided between all contractions. Using the procedures
described by Weir [24], a test-retest reliability analysis for our laboratory’s MVC
force values in eleven subjects demonstrated an intraclass correlation coefficient
(model 3,1) of 0.949, with no significant difference between the trials (p=0.867).
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For each subject, the pre- and post-test isometric force assessment sessions
occurred at approximately the same time of day (+ 1 hour).

Surface EMG Signal Recording

Surface EMG signals were recorded from the vastus lateralis and rectus femoris
during each of the submaximal contractions with a Bagnoli 16-channel Desktop
system (Delsys, Inc., Boston, MA). Prior to detecting EMG signals, the skin over
the muscles and patella was shaved and cleansed with rubbing alcohol. Oil, debris,
and dead skin cells were also removed with hypo-allergenic tape. The sensors were
placed over the muscles in accordance with the recommendations described
Zaheer et al. [25]. A reference electrode was placed over the patella. The signals
were detected with two separate surface array EMG sensors (Delsys, Inc., Boston,
MA) that each consist of five pin electrodes [17]. Four of the five electrodes are
arranged in a square, with the fifth electrode in the center of the square and at a
fixed distance of 3.6 mm from all other electrodes. Pairwise subtraction of the five
electrodes was used to derive four single differential EMG channels for each
muscle. These signals were differentially amplified, filtered with a bandwidth of
20 Hz to 1,750 Hz, and sampled at 20 kHz. Surface EMG signal quality (i.e.,
signal-to-noise ratio >3.0, baseline noise value =2.0 uV root-mean-square, line
interference <1.0) was verified for a 20% MVC assessment prior to data
acquisition. The mean + SD pre-test skinfold thickness values for the vastus
lateralis and rectus femoris were 14.4+7.5 and 18.5+9.1 mm, respectively, and
these values did not change (p>.05).

Surface EMG Signal Decomposition

The eight separate filtered EMG signals from the two muscles served as the input
to the Precision Decomposition III algorithm. For further information concerning
the technical aspects of this algorithm, the reader is directed to the work of Nawab
et al. (2010). The surface EMG signals were decomposed into their constituent
motor unit action potential trains. These trains were then used to calculate a time-
varying firing rate curve for each detected motor unit. All firing rate curves were
smoothed with a one-second Hanning filter, and selected from the six-second
middle portion (i.e., seconds 10-16) of the constant-force contraction. The mean
number of pulses per second (pps) for each six-second motor unit firing rate
curve was calculated. High threshold motor units that were recruited or
derecruited during the constant-force portion of the protocol and therefore not
active throughout the entire six-second portion of the firing rate curve were not
considered for data analysis. The firing rate at recruitment was estimated from the
inverse of the mean of the first three interpulse intervals [13]. Each motor unit’s
recruitment threshold was calculated as the relative force level (% MVC) when the
first firing occurred. Fig. 1 displays example mean firing rate curves and their
associated statistics for nine vastus lateralis motor units. The horizontal axis
corresponds to time in seconds, whereas the left and right vertical axes display the
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Fig. 1. Example time-varying motor unit firing rate curves for the vastus lateralis of one subject during
the pre-test. For this contraction, the algorithm was able to decompose 42 motor units with greater than

92.0% accuracy, but nine have been displayed here for visual clarity. The table and graphs below the mean
firing rate plot display the accuracy level, recruitment threshold, mean firing rate, and firing rate at recruitment

for each motor unit.

doi:10.1371/journal.pone.0115567.9001

firing rate (pulses per second) and the percentage of the MVC, respectively. The
black line corresponds to this subject’s force output. Each of the nine colored lines
represents the time-varying firing rate of an individual motor unit. Fig. 1 also

displays examples of the accuracy, recruitment threshold, firing rate at
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recruitment, and mean firing rate for each motor unit. The bottom two
scatterplots exemplify the relationship between mean firing rate versus
recruitment threshold (left), as well as firing rate at recruitment versus
recruitment threshold (right). The data and analyses shown in Fig. 1 demonstrate
how all of the statistical outcomes for this study were determined.

Motor Unit Decomposition Accuracy

Once all of the signals were successfully decomposed, the Decompose-Synthesize-
Decompose-Compare test was used to determine the accuracy of each motor unit
[13]. Motor units with accuracy levels less than 92.0% were removed from further
statistical analyses. In the majority of the cases, the accuracy levels of the detected
motor units were 94.0% or greater (mean + SD =95.3+2.2). Two addition steps
were taken to increase the validity of our procedures. First, contractions that
yielded less than six motor units were removed from consideration. Furthermore,
contractions that yielded motor units with a recruitment threshold range of less
than 10.0% were also removed from consideration. For a few contractions, very
low threshold motor units were detected just prior to the onset of measureable
force (i.e., recruitment thresholds at 0% MVC). These motor units were not
considered for further statistical analysis. Table 1 displays individual contraction
data for the number of motor units that were successfully analyzed.

Statistical Analyses

Descriptive statistics for the mean firing rates and firing rates at recruitment for
the vastus lateralis and rectus femoris have been displayed in Table 2. For both
muscles, linear regression analyses were performed on the mean firing rate and
firing rate at recruitment versus the recruitment threshold to determine the slope
coefficients (pps/% MVC) and y-intercepts (pps) of each relationship. Thus, there
were eight separate motor unit dependent variables examined in this investigation.
A two-way mixed-factorial (time [pre-test, post-test] x group [training, control])
analysis of variance (ANOVA) was used to examine mean differences for the MVC
values. Nine separate two-way mixed factorial (force [pre-test 50% MVC, post-
test original 50% MVC, post-test new 50% MVC] x group [training, control])
ANOVAs were used to examine force steadiness, as well as the linear slope
coefficients and y-intercepts for the motor unit regression variables. When
appropriate, follow-up analyses included repeated measures ANOVAs, dependent
samples t-tests, and Bonferroni post-hoc comparisons. In addition, partial eta
squared (1) and Cohen’s d statistics were examined when necessary. According to
Stevens [26], partial eta squared values of .01, .06, and.14 correspond to small,
moderate, and large effect sizes, respectively. Cohen [27] described d values of
0.20, 0.50, and 0.80 as corresponding to small, moderate, and large effect sizes,
respectively. An alpha level of .05 was used to determine statistical significance for
all analyses. The statistical analyses were performed using SPSS software (version
21.0, SPSS Inc., Chicago, IL).
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Table 1. Individual contraction data for the number of motor units decomposed with greater than 92.0% accuracy.

Pre-test Post-test; pre-test force Post-test; new force

ST001 22/28 C001  25/24 ST001  25/30 C001  29/28 ST001  24/29 C001  21/39
ST002 20/31 C002  24/37 ST002  31/32 C002 28/29 ST002  17/36 C002  28/30
ST003 28/33 C003 25/14 ST003  10/16 C003  24/36 ST003  15/41 C003  29/35
ST004 20/28 C004  41/35 ST004  31/23 C004 35/21 ST004  28/21 C004 36/18
ST005 26/28 C005 29/26 ST005  18/30 C005 33/11 ST005  33/38 Co05  31/7
ST006 31/24 C006  16/29 ST006  33/31 C006  32/17 ST006  32/30 C006  16/25
ST007 23/12 C007  21/41 ST007  22/20 C007  32/31 ST007  13/32 C007  34/32
ST008 23/33 C008 22/14 ST008  24/28 C008  36/25 ST008  23/36 C008  47/24
ST009 32/30 C009 25/25 ST009  29/25 C009 41/33 ST009  24/31 C009  37/29
ST010 26/16 ST010  27/15 ST010  24/10

STO11 25/23 STO11 26/41 STO11 28/38

ST012 19/35 ST012  18/32 ST012  22/37

ST013 23/24 ST013  23/21 ST013  28/22

ST014 31/30 ST014  22/26 ST014  21/34

ST015 25/42 ST015  26/47 ST015  24/29

Sum 374/417 Sum 228/245 Sum 365/417 Sum 290/231 Sum 356/464 Sum 279/239
Mean 25/28 Mean  25/27 Mean 24/28 Mean  32/26 Mean 24/31 Mean  31/27

VL = vastus lateralis; RF = rectus femoris; ST = strength training; C = control.

doi:10.1371/journal.pone.0115567.t001

Results

MVC Force and Force Steadiness

For the MVC force two-way mixed factorial ANOVA, there was a two-way
interaction (p=.011, 1>=.262). The results from two separate dependent samples
t-tests indicated that the MVC values increased for the training group (p=.002,
Cohen’s d=.70), but not the control group (p=.992, Cohen’s d<.01). For force
steadiness, the results from the two-way mixed factorial ANOVA indicated that
there was no interaction (p=.580, 7*=.024) and no main effect for force level
(p=.096, §*=.101) or group (p=.434, 1°=.028 [Fig. 2]).

Mean Firing Rate versus Recruitment Threshold Relationship for
the Vastus Lateralis

For the linear slope coefficients, the results from the two-way mixed factorial
ANOVA indicated that there was no interaction (p=.132, 1'12=.088), and no main
effect for force level (p=.091, §°=.103) or group (p=.397, 1°=.033). For the y-
intercepts, the results indicated that there was no interaction (p=.627, 1']2=.021)
and no main effect for group (p=.797, 1'12=.003). There was, however, a main
effect for force level (p=.032, f1°=.145). The results from the Bonferroni marginal
mean pairwise comparison indicated that when collapsed across group, the
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Table 2. Descriptive statistics for the mean firing rates and firing rates at recruitment for the vastus lateralis and rectus femoris.

Strength Training Group (n=15) Control Group (n=9)
_m Post-test; pre-test force| Post-test; new force Post-test; pre-test force | Post-test; new force

Vastus Lateralis Mean Firing Rates

Mean 20.5 20.0 18.9 20.5 19.3 18.9

SD 4.4 5.7 5.3 4.8 4.8 53

Range 9.3 to 36.2 9.7 to 32.5 8.7 to 30.9 9.1to 31.7 6.2 to 33.4 8.7 to 30.9
Rectus Femoris Mean Firing Rates

Mean 18.6 19.2 18.0 19.8 18.1 17.7

SD 4.2 4.1 43 3.8 3.8 4.1

Range 8.5 to 28.1 9.1 to 31.2 8.2 to 29.6 10.2 to 29.8 7.6 to 27.7 7.3 to 27.5
Vastus Lateralis Firing Rates at Recruitment

Mean 7.9 7.3 7.2 7.8 71 7.2

SD 2.0 25 24 21 2.3 24

Range 3.6 to 15.1 2.2t0 13.8 2.4 10 13.8 3.8t0 13.0 1.7 to 15.4 24 t0 13.8
Rectus Femoris Firing Rates at Recruitment

Mean 6.6 6.9 6.8 7.2 6.3 6.4

SD 1.7 21 2.0 2.0 1.8 1.8

Range 2.7t0 11.8 2.5t0 15.0 21to12.4 2.7t0 12.8 2.3t0 125 1.9 to 10.8

Statistical analyses have not been performed on these data due to the fact that a motor unit’s firing rate is dependent on its recruitment threshold. Post-
testing involved assessing the same absolute force level examined during the pre-test, as well as 50% of the new MVC value. Note the similar firing rates for
the two muscles. All values are in units of pulses per second.

doi:10.1371/journal.pone.0115567.t002

y-intercepts for post-test assessment involving 50% of the pre-test MVC (26.0
pps) were significantly less than those for the pre-test (29.8 pps). The 95% CI for
this mean difference was .90 to 6.64 pps (p=.008 [Table 3]).

mPre-test 50% MVC OPost-test; pre-test force @Post-test; new force
6.0

5.0 4

Force Steadiness (%)
N3 w &
o o o

o
L

0.0

Training Control

Fig. 2. Mean 1+ SD force steadiness values. Force steadiness was defined as the coefficient of variation
over the ten second constant-force portion of the contraction. During post-testing, the subjects performed
trapezoidal isometric contractions at absolute force levels corresponding to 50% of the pre-test MVC, as well
as that for the new post-test value.

doi:10.1371/journal.pone.0115567.g002
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Table 3. Means, SDs, 95% confidence intervals (Cls) and ranges for the linear slope coefficients and y-intercepts for the relationships between motor unit

mean firing rate versus recruitment threshold for the vastus lateralis and rectus femoris.

_ Strength Training Group (n=15) Control Group (n=9)
_m Post-test; pre-test force| Post-test; new force m Post-test; pre-test force | Post-test; new force

Vastus Lateralis Linear Slope Coefficient of Mean Firing Rate versus Recruitment Threshold (pps/% MVC)

Mean + SD -0.45+0.18 —-0.45+0.17 —0.48+0.28 -0.60+0.19 —0.40+0.31 —0.58+0.23
95% ClI —0.54to —0.35 —0.55to —0.36 —0.63 to —0.33 —0.74t0 —0.45 —0.63 to —0.17 —0.75 to —0.40
Range —0.82t0 —0.23 —0.77 to —0.19 —1.36 to —0.25 —0.83t0 —0.34 —1.15t0 —0.20 —0.90 to —0.19
Rectus Femoris Linear Slope Coefficient of Mean Firing Rate versus Recruitment Threshold (pps/% MVC)

Mean+SD  —-0.46+0.21 -0.55+0.27 —0.54+0.18 -047+0.23 —0.38+0.23 —0.47+0.26
95% ClI —0.58t0 —0.35 —0.70 to —0.40 —0.63 to —0.44 —0.64to —0.29 —0.56 to —0.21 —0.67 to —0.27
Range —0.88t0 —0.22 —1.25to —0.20 —0.86 to —0.24 —1.03t0 —0.28 —0.71 to —0.19 —0.81 to —0.09
Vastus Lateralis Y-Intercept of Mean Firing Rate versus Recruitment Threshold (pps)

Mean+SD  289+44 25.5+4.1 28.6+8.5 30.6+6.6 26.6+9.0 27.7+9.4

95% ClI 26.5t0 31.4 23.2t0 27.7 23.9t0 33.3 256 to 35.7 19.7 to 33.5 20.5 to 35.0
Range 22.3 to 38.4 17.3 t0 31.0 17.1 to 52.1 244 to0 42.9 17.1 to 46.7 13.9 to 47.1
Rectus Femoris Y-Intercept of Mean Firing Rate versus Recruitment Threshold (pps)

Mean+SD  325+7.2 344487 345+7.0 31.5+8.3 26.2+7.6 30.0+£9.2

95% ClI 28.5 t0 36.5 29.5 t0 39.2 30.7 to 38.4 25.1 to 37.9 20.4 to 32.0 22.9 to 37.1
Range 24.3 to 48.7 24.3 t0 53.5 20.7 to 49.0 18.2 to 48.5 16.0 to 36.7 20.0 to 44.3

Post-testing involved assessing the same absolute force level examined during the pre-test, as well as 50% of the new MVC value. The results from the two-
way mixed factorial analyses of variance indicated that there were no significant changes as a result of strength training.

doi:10.1371/journal.pone.0115567.t003

Mean Firing Rate versus Recruitment Threshold Relationship for
the Rectus Femoris

For the linear slope coefficients, the results from the two-way mixed factorial
ANOVA indicated that there was no interaction (p=.202, 7*=.071), and no main
effect for force level (p=.657, 7°=.109) or group (p=.337, 1>=.042). For the y-
intercepts, there was no interaction (p=.079, §>=.109), and no main effect for
force level (p=.384, 1°=.043) or group (p=.121, H*=.106 [Table 3]).

Firing Rate at Recruitment versus Recruitment Threshold
Relationship for the Vastus Lateralis

For the linear slope coefficients, the results from the two-way mixed factorial
ANOVA indicated that there was no interaction (p=.827, 1*=.009), and no main
effect for force level (p=.153, 7°=.082) or group (p=.491, f°=.022). For the y-
intercepts, the results indicated that there was no interaction (p=.665, °=.018)
and no main effect for group (p=.963, °<<.001). There was, however, a main
effect for force level (p=.041, 1>=.135). The results from the Bonferroni marginal
mean pairwise comparison indicated that when collapsed across group, the y-
intercepts for post-test assessment involving 50% of the pre-test MVC (9.6 pps)
were significantly less than those for the pre-test (11.4 pps). The 95% CI for this
mean difference was .22 to 3.36 pps (p=.022 [Table 4]).
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Firing Rate at Recruitment versus Recruitment Threshold
Relationship for the Rectus Femoris

For the linear slope coefficients, the results from the two-way mixed factorial
ANOVA indicated that there was no interaction (p=.544, 1>=.027), and no main
effect for force level (p=.929, T']2=.OO3). There was, however, a main effect for
group (p=.046, 1°=.170). The results from the Bonferroni marginal mean
pairwise comparison indicated that when collapsed across force level, the linear
slope coefficients for the subjects in the training group were significantly less than
those for the control group (—0.148 versus —0.038 pps/% MVC). The 95% CI for
this mean difference was —0.217 to 0.002 pps/% MVC (p=.046). For the y-
intercepts, there was no interaction (p=.345, §1>=.047), and no main effect for
force level (p=.705, 1°=.016) or group (p=.054, °=.158 [Table 4]).

Discussion

Previous investigations have demonstrated that the increase in force production as
a result of strength training is due, at least in part, to neural factors [28, 29], one of
which may be an alteration in the firing rates of motor units. Theoretically,
improvements in the ability to produce force as a result of training may affect
motor unit behavior in two ways: 1) an increase in firing rates at higher absolute
force levels [7], and/or 2) a decrease in firing rates at absolute force levels
corresponding to pre-training relative percentages of the MVC [22]. The results of
this study showed that a ten week strength training program which improved
MVC force had no influence on mean motor unit firing rates for the vastus
lateralis and rectus femoris. In addition, this investigation was the first to examine
changes in the firing rates at recruitment as a result of strength training, and we
conclude that this parameter was also unaffected. Our findings revealed no
improvements in force steadiness (Fig. 2), which is in agreement with a recent
investigation [5], but not with those that have studied elderly subjects [30,31] or
clinical populations [32]. This investigation was also the first to fully describe the
submaximal firing rates of the rectus femoris using surface EMG signal
decomposition, and our results demonstrated similar statistics compared with
those for the vastus lateralis, as well as the vastus medialis [18]. Technological
advances in the capacity to accurately decompose surface EMG signals allowed us
to meticulously quantify the recruitment thresholds and firing rates of a large
sample of motor units from 24 subjects and two muscles, thereby giving us great
confidence in the validity of our conclusions.

Our findings are largely in agreement with previous studies that used
comparable methods [4, 5, 8], but are in disagreement with the results reported by
Vila-Cha and colleagues [9], who compared training adaptations to strength
versus endurance training. Although the discrepancies among studies that have
used randomized control designs are vast, both the exercise selection and the
specificity of the forces/external loads applied during training may be critical. One
of the unique aspects of the present study was the fact that the subjects were
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Table 4. Means, SDs, 95% confidence intervals (Cls), and ranges for the linear slope coefficients and y-intercepts for the relationships between motor unit
firing rate at recruitment versus recruitment threshold for the vastus lateralis and rectus femoris.

_ Strength Training Group (n=15) Control Group (n=9)
_m Post-test; pre-test force| Post-test; new force m Post-test; pre-test force | Post-test; new force

Vastus Lateralis Linear Slope Coefficient of Firing Rate at Recruitment versus Recruitment Threshold (pps/% MVC)

Mean +SD -0.18+0.08 —0.14+0.12 —0.18+0.15 -0.22+0.17 —0.14+0.15 —0.23+0.19
95% ClI —0.23t0 —0.14 —0.21 to —0.07 —0.27 to —0.10 —0.35t0 —0.09 —0.26 to —0.03 —0.37 to —0.08
Range —0.35t0 —0.08 —0.36 to 0.03 —0.54 to 0.11 —0.57 to —0.02 —0.52 to 0.02 —0.64 to —0.02
Rectus Femoris Linear Slope Coefficient of Firing Rate at Recruitment versus Recruitment Threshold (pps/% MVC)

Mean+SD -0.13+0.12 —0.16+0.17 —0.16+0.15 -0.07+0.20 —0.03+0.11 —0.02+0.21
95% ClI —0.20to —0.07 —0.25 to —0.06 —0.24 to —0.07 —0.22t0 —0.09 —0.11 to 0.06 —0.18 to 0.14
Range —0.35t0 0.04 —0.54 to 0.07 —0.39 to 0.12 -0471t00.12 —0.17 to 0.17 —0.32 t0 0.43
Vastus Lateralis Y-Intercept of Firing Rate at Recruitment versus Recruitment Threshold (pps)

Mean+SD 11.3+1.7 9.3+2.1 11.0+4.2 11.5+34 9.9+45 10.4+4.4

95% ClI 10.4 to 12.3 8.1to 10.5 8.7 to 13.3 8.8 to 14.1 6.4 to 13.4 7.0to 13.8
Range 8.7 to 13.9 6.0 to 12.8 4.5 10 20.9 6.8 to 16.6 5.8 to 20.3 4.6 to 19.6
Rectus Femoris Y-Intercept of Firing Rate at Recruitment versus Recruitment Threshold (pps)

Mean+SD 11.0+4.5 11.7+5.3 12.3+4.9 9.24+6.6 7.24+3.1 8.2+4.2

95% ClI 8.5t0 13.4 8.8 to 14.7 9.6 to 15.0 4.1t0 14.2 481095 5.0to 11.4
Range 5.4 to 19.1 5.2 to 22.5 3.7t0 21.8 2.1t021.2 2.7t012.3 8.1t0 17.7

Post-testing involved assessing the same absolute force level examined during the pre-test, as well as 50% of the new MVC value. The results from the two-
way mixed factorial analyses of variance indicated that there were no significant changes as a result of strength training.

doi:10.1371/journal.pone.0115567.t004

taught how to perform a free-weight, barbell exercise. In contrast to each of the
previous investigations that have used exercise machines, the barbell deadlift
requires significant balance, proprioception, and coordination through a relatively
large range of motion [21,33]. As a result, the movement pattern for the deadlift
could be considered more functional and relevant to activities of daily living. This
study expands on the previous investigations that have examined changes in
motor unit firing rates following strength training, as our results show that
exercise selection may not be a critical aspect as it relates to changes for an
individual muscle during a single-joint task even when MVC values improve.
Although the training program utilized in this study did improve isometric force
production, it also seems reasonable to speculate that motor unit adaptations
may have been specific to the movement pattern associated with the deadlift
exercise. This phenomenon was first illustrated by Rutherford et al. [34], who
demonstrated nearly a 200% increase in the external loads lifted by subjects, but
only a 3-20% increase in isometric force. In fact, the issue of testing versus
training specificity explains the discrepant findings reported by a variety of
authors [4,7,8,35], with changes in firing rates typically demonstrated when
subjects are asked to perform the same task throughout the study. As the
noninvasive assessment of motor unit firing rates is currently limited to isometric
testing modes [17], the ability to draw conclusions regarding adaptations to
dynamic exercise remains somewhat limited.
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When examining many of the previous studies that have investigated firing rate
adaptations following improvements in force via strength training [4—10], it
becomes clear that there are two additional considerations that may explain the
inconsistencies among findings. First, the testing schedule relative to improve-
ments in maximal force seems important. Patten et al. [7] studied abductor digiti
minimi motor unit firing rates in six young and six elderly adults before and
following six weeks of strength training. It was reported that firing rates for the
trained hand increased by 24% only 48 hours after the initial experimental
session. This was noted in spite of a minor increase in MVC force. Interestingly,
the firing rates decreased thereafter, and similar values were shown among the
pre-test and two and six week assessments. This finding was replicated for the
vastus lateralis in an investigation by Kamen and Knight [10], who reported a
19% increase in firing rates following the initial training session. Thus, the results
from these two studies [7, 10] indicate that increases in motor unit firing rates
may explain the improvement in maximal force during the initial period of
exercise and/or repeated testing, but their importance diminishes as training
progresses for several weeks. The second methodological factor that must be
considered is the force level used during testing, as dissimilarities in conclusions
could be explained by whether assessments are maximal versus submaximal. The
previously mentioned investigations by Kamen and Knight [10] and Patten et al.
[7] examined maximal firing rates. With the exception of one study [9], each of
the previous experiments that noted improvements in MVC force but assessed
motor unit behavior during submaximal contractions found no change in firing
rates [4-0, 8]. It is reasonable to hypothesize that strength training plays an
important role in motor unit adaptation for maximal force contractions and/or
improving the rate of force development [36], and that these effects are not
measureable during submaximal contractions. However, no previous study has
examined firing rates during submaximal contractions following a period of less
than one week of strength training. Overall, we speculate that if strength training
does influence the regression coefficients associated with mean and initial firing
rates, the effects may only be evident during maximal contractions following very
short-term training [7, 35, 36]. In agreement with previous cross-sectional data
[11], our findings do not support the notion that exposure to strength training
modifies the control of motor units during submaximal contractions.

The values that we have displayed in Tables 2—4 are generally in agreement with
those shown in our previous work concerning motor unit fatigue [18], the
experiment performed by Beck et al. [4], and by others that have studied 50%
MVC force levels with surface EMG signal decomposition [13, 14]. As calculated
from Table 2, the average of the mean firing rates during the 50% MVC
assessment was 19.7 pps for the vastus lateralis. The corresponding value for the
rectus femoris was 18.6 pps, suggesting that these two muscles display comparable
mean firing rate characteristics during submaximal extension at the knee joint.
When examined on an individual subject basis for the vastus lateralis, the highest
and lowest mean firing rate was 36.2 and 6.2 pps, respectively. The corresponding
values for the rectus femoris were 31.2 and 7.3 pps. Furthermore, as shown in
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Table 3 (and exemplified in Fig. 1), all of the linear slope coefficients for the mean
firing rate versus recruitment threshold relationships were negative, with none of
the 95% Cls including zero. The inverse relationship between the mean firing rates
of motor units and their recruitment thresholds is consistent with the “onion
skin” phenomenon, which was described in detail by De Luca and Hostage [14] as
an evolutionary means of optimizing the combination of force magnitude over
time. Data concerning the firing rate at recruitment have been displayed in both
Table 2 and Table 3. When both muscles are combined, the average firing rate at
recruitment value was 7.1 pps, with peak values of 15.4 and 15.0 for the vastus
lateralis and rectus femoris, respectively. As shown in Table 4, each of the mean
linear slope coefficients for the firing rate at recruitment versus recruitment
threshold relationships were negative, which is consistent with the work of Tanji
and Kato [37] and De Luca and Contessa [13]. However, we should point out that
in some cases, weakly positive relationships were demonstrated, or no relationship
was shown at all (r=~0.0). Specifically, four and thirteen contractions for the
vastus lateralis and rectus femoris, respectively, demonstrated positive relation-
ships. This was more apparent for the subjects in the control group for the rectus
femoris, leading to a main effect and y-intercepts closer to 0 pps. As pointed out
by De Luca and Contessa [13], a few studies that examined initial firing rates have
noted positive relationships when regressed against recruitment threshold [38—
40], but it was noted that differences in the algorithms used to detect the early
firings of motor units may explain the discrepancy. Since the rate of force increase
during the isometric contractions was the same for each test (10%/second), the
exact reasoning for this is unclear, although we speculate that it could be related to
synaptic noise [41], or the means of estimating initial firing rates from only a few
interpulse intervals. Alternatively, it is possible that a 92% accuracy cutoff was not
rigorous enough, and some of the initial firings should not have been considered
for data analysis. Nonetheless, the values displayed in Tables 1-3 can be
summarized as follows: 1) the vastus lateralis and rectus femoris exhibit similar
firing rates during 50% MVC isometric force testing, 2) the mean firing rates of
both muscles are inversely related with their recruitment thresholds, 3) the firing
rates at recruitment are also inversely related with their recruitment thresholds,
but the response is not as consistent or linear as that demonstrated for mean firing
rates, and 4) none of these statistics are affected by strength training regardless of
whether qualitative examination of the data (Table 2) or regression-based group
mean statistical analyses (Tables 3 and 4) are used.

Our experimental approach requires discussion of a final methodological
consideration that, to our knowledge, has not been contemplated by previous
authors. This investigation was unique due to the fact that the post-test involved
two submaximal contractions. The first assessment required the subjects to
perform a trapezoidal isometric contraction corresponding to 50% of the new
MVC. In contrast, the second contraction was performed at an absolute force level
corresponding to 50% of the pre-test value. Thus, for subjects that demonstrated
increased MVC values due to the training program, we were able to examine the
firing rates corresponding to both force levels. In contrast, those subjects assigned
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to the control group performed two contractions at relatively similar isometric
force levels. We believe that this is an important consideration because if only
relative force levels are studied for both the pre-test and post-test (e.g., 60%
MVC), but the MVC values change, one could rightfully contend that the
differences in firing rates are simply a reflection of the dissimilar absolute force
levels examined, and not an adaptation from the exercise stimulus. By studying
two force levels, we are able to confirm that the acquisition of strength following
ten weeks of training had no influence on the firing rates of motor units, and this
finding is robust for both relative and absolute isometric force levels.

Conclusion

Ten weeks of barbell deadlift training did not affect the mean firing rates, as well
as the firing rates at recruitment, of motor units for the vastus lateralis and rectus
femoris. These findings were in spite of improvements in the knee extension MVC
values. Our results are in close agreement with previous investigations that have
reported no change in the firing rates of motor units during submaximal
contractions [4—6, 8], but are in opposition to those that examined maximal
contractions [7, 10]. Furthermore, the training program did not affect force
steadiness, which is in agreement with a previous investigation that had subjects
perform leg press and extension exercises [5]. Although the reason for the lack of
improvement in force steadiness is unclear, we speculate that young, healthy
subjects that are adequately familiarized with isometric testing have little room for
improvement, particularly for those that demonstrate a coefficient of variation
less than 4.0% during pre-testing. It should be noted that we studied the linear
slope coefficients and y-intercepts of mean firing rate and firing rate at
recruitment and versus recruitment threshold relationships, and other methods of
quantifying the behavior of motor units (e.g., synchronization, common drive,
variability of interpulse intervals) were not considered. It is possible that had other
variables been examined, dissimilar findings would have been discovered,
although we speculate that this is unlikely [6, 11].

Acknowledgments

We thank Kayla Shaffer for her help. There are no conflicts of interest to report.
No financial support was provided in the completion of this work.

Author Contributions

Conceived and designed the experiments: MSS. Performed the experiments: MSS
BJT. Analyzed the data: MSS. Contributed reagents/materials/analysis tools: MSS
BJT. Wrote the paper: MSS BJT.

PLOS ONE | DOI:10.1371/journal.pone.0115567 December 22, 2014 16/18



@'PLOS | ONE

Motor Unit Firing Rates and Deadlift Training

References

1.

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Kraemer WJ, Patton JF, Gordon SE, Harman EA, Deschenes MR, et al. (1995) Compatibility of high-
intensity strength and endurance training on hormonal and skeletal muscle adaptations. J Appl Physiol
(1985) 78: 976-989.

Staron RS, Karapondo DL, Kraemer WJ, Fry AC, Gordon SE, et al. (1994) Skeletal muscle
adaptations during early phase of heavy-resistance training in men and women. J Appl Physiol (1985)
76: 1247-1255.

Defreitas JM, Beck TW, Ye X, Stock MS (2014) Synchronization of low- and high-threshold motor units.
Muscle Nerve 49: 575-583.

Beck TW, DeFreitas JM, Stock MS (2011) The effects of a resistance training program on average
motor unit firing rates. Clinical Kinesiology 65: 1-8.

Beck TW, Defreitas JM, Stock MS, Dillon MA (2011) Effects of resistance training on force steadiness
and common drive. Muscle Nerve 43: 245-250.

Kidgell DJ, Sale MV, Semmler JG (2006) Motor unit synchronization measured by cross-correlation is
not influenced by short-term strength training of a hand muscle. Exp Brain Res 175: 745-753.

Patten C, Kamen G, Rowland DM (2001) Adaptations in maximal motor unit discharge rate to strength
training in young and older adults. Muscle Nerve 24: 542-550.

Rich C, Cafarelli E (2000) Submaximal motor unit firing rates after 8 wk of isometric resistance training.
Med Sci Sports Exerc 32: 190-196.

Vila-Cha C, Falla D, Farina D (2010) Motor unit behavior during submaximal contractions following six
weeks of either endurance or strength training. J Appl Physiol (1985) 109: 1455-1466.

Kamen G, Knight CA (2004) Training-related adaptations in motor unit discharge rate in young and
older adults. J Gerontol A Biol Sci Med Sci 59: 1334-1338.

De Luca CJ, LeFever RS, McCue MP, Xenakis AP (1982) Control scheme governing concurrently
active human motor units during voluntary contractions. J Physiol 329: 129-142.

De Luca CJ, Adam A, Wotiz R, Gilmore LD, Nawab SH (2006) Decomposition of surface EMG signals.
Journal of Neurophysiology 96: 1646—1657.

De Luca CJ, Contessa P (2012) Hierarchical control of motor units in voluntary contractions. Journal of
Neurophysiology 107: 178-195.

De Luca CJ, Hostage EC (2010) Relationship between firing rate and recruitment threshold of
motoneurons in voluntary isometric contractions. J Neurophysiol 104: 1034—1046.

Hu X, Rymer WZ, Suresh NL (2014) Motor unit firing rate patterns during voluntary muscle force
generation: a simulation study. J Neural Eng 11: 026015.

Hu X, Suresh AK, Li X, Rymer WZ, Suresh NL (2012) Impaired motor unit control in paretic muscle
post stroke assessed using surface electromyography: a preliminary report. Conf Proc IEEE Eng Med
Biol Soc 2012: 4116—4119.

Nawab SH, Chang SS, De Luca CJ (2010) High-yield decomposition of surface EMG signals. Clin
Neurophysiol 121: 1602—1615.

Stock MS, Beck TW, Defreitas JM (2012) Effects of fatigue on motor unit firing rate versus recruitment
threshold relationships. Muscle & Nerve 45: 100-109.

American College of Sports Medicine (2009) American College of Sports Medicine position stand.
Progression models in resistance training for healthy adults. Med Sci Sports Exerc 41: 687-708.

Baechle TR, Earle RW (2008) Essentials of Strength Training and Conditioning. Champaign, IL: Human
Kinetics. 641 p.

Escamilla RF, Francisco AC, Kayes AV, Speer KP, Moorman CT 3rd (2002) An electromyographic
analysis of sumo and conventional style deadlifts. Med Sci Sports Exerc 34: 682—688.

Moritani T, deVries HA (1979) Neural factors versus hypertrophy in the time course of muscle strength
gain. Am J Phys Med 58: 115-130.

PLOS ONE | DOI:10.1371/journal.pone.0115567 December 22, 2014 17718



@'PLOS | ONE

Motor Unit Firing Rates and Deadlift Training

23.

24,

25,

26.

27.

28.

29,

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

4.

Johnson MA, Polgar J, Weightman D, Appleton D (1973) Data on the distribution of fibre types in
thirty-six human muscles. An autopsy study. J Neurol Sci 18: 111-129.

Weir JP (2005) Quantifying test-retest reliability using the intraclass correlation coefficient and the SEM.
J Strength Cond Res 19: 231-240.

Zaheer F, Roy SH, De Luca CJ (2012) Preferred sensor sites for surface EMG signal decomposition.
Physiological Measurement 33: 195-206.

Stevens JP (2007) Intermediate Statistics: A Modern Approach. New York, NY: Lawrence Erlbaum
Associates; Taylor & Francis Group. 460 p.

Cohen J (1988) Statistical Power Analysis for the Behavioral Sciences. Hillsdale, NJ: Lawrence Erlbaum
Associates.

Duchateau J, Semmler JG, Enoka RM (2006) Training adaptations in the behavior of human motor
units. J Appl Physiol (1985) 101: 1766-1775.

Gabriel DA, Kamen G, Frost G (2006) Neural adaptations to resistive exercise: mechanisms and
recommendations for training practices. Sports Med 36: 133—149.

Keen DA, Yue GH, Enoka RM (1994) Training-related enhancement in the control of motor output in
elderly humans. J Appl Physiol (1985) 77: 2648—2658.

Laidlaw DH, Kornatz KW, Keen DA, Suzuki S, Enoka RM (1999) Strength training improves the
steadiness of slow lengthening contractions performed by old adults. J Appl Physiol (1985) 87: 1786—
1795.

Bilodeau M, Keen DA, Sweeney PJ, Shields RW, Enoka RM (2000) Strength training can improve
steadiness in persons with essential tremor. Muscle Nerve 23: 771-778.

Escamilla RF, Francisco AC, Fleisig GS, Barrentine SW, Welch CM, et al. (2000) A three-
dimensional biomechanical analysis of sumo and conventional style deadlifts. Med Sci Sports Exerc 32:
1265-1275.

Rutherford OM, Greig CA, Sargeant AJ, Jones DA (1986) Strength training and power output:
transference effects in the human quadriceps muscle. J Sports Sci 4: 101-107.

Patten C, Kamen G (2000) Adaptations in motor unit discharge activity with force control training in
young and older human adults. Eur J Appl Physiol 83: 128-143.

Aagaard P, Simonsen EB, Andersen JL, Magnusson P, Dyhre-Poulsen P (2002) Increased rate of
force development and neural drive of human skeletal muscle following resistance training. J Appl
Physiol (1985) 93: 1318—1326.

Tanji J, Kato M (1973) Firing rate of individual motor units in voluntary contraction of abductor digiti
minimi muscle in man. Exp Neurol 40: 771-783.

Adam A, De Luca CJ, Erim Z (1998) Hand dominance and motor unit firing behavior. J Neurophysiol
80: 1373-1382.

De Luca CJ, LeFever RS, McCue MP, Xenakis AP (1982) Behaviour of human motor units in different
muscles during linearly varying contractions. J Physiol 329: 113-128.

Erim Z, De Luca CJ, Mineo K, Aoki T (1996) Rank-ordered regulation of motor units. Muscle Nerve 19:
563-573.

Dideriksen JL, Negro F, Enoka RM, Farina D (2012) Motor unit recruitment strategies and muscle
properties determine the influence of synaptic noise on force steadiness. J Neurophysiol 107: 3357—
3369.

PLOS ONE | DOI:10.1371/journal.pone.0115567 December 22, 2014 18718



	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Figure 1
	Section_8
	Section_9
	Section_10
	Section_11
	Section_12
	TABLE_1
	Section_13
	TABLE_2
	Figure 2
	Section_14
	Section_15
	TABLE_3
	Section_16
	TABLE_4
	Section_17
	Section_18
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30
	Reference 31
	Reference 32
	Reference 33
	Reference 34
	Reference 35
	Reference 36
	Reference 37
	Reference 38
	Reference 39
	Reference 40
	Reference 41

