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ABSTRACT

The primary purpose of the present investigation was to exam-
ine sex-related differences as a result of fatiguing eccentric
muscle actions on torque, muscle blood flow, electromyogra-
phy, and mechanomyography. Eighteen men and 18 women
performed peak torque trials prior to (pretest), immediately
after (posttest), and 5-min after (recovery) completing 50 sub-
maximal (60 % of eccentric peak torque), eccentric, isokinetic
(180°-s~1) muscle actions of the elbow flexors. Electromyo-
graphic and mechanomyographic responses were simultane-
ously recorded from the biceps brachii muscle, and muscle
blood flow was measured at pretest, posttest and recovery.
There were sex- and mode-specific responses for torque, but
there were no sex-specific muscle blood flow or neuromuscular
responses. From pretest to posttest, torque decreased (80.0-
88.2 % of pretest) for both the men and women. At recovery
concentric peak torque recovered to a greater extent in wom-
en (95.0 % of pretest) than men (88.0 % of pretest), while ec-
centric peak torque recovered to a greater extent in men
(88.9% of pretest) than women (86.9 % of pretest). The sex-
specific torque responses were not associated with different
motor control strategies or differences in the occlusion of mus-
cle blood flow between the men and women. For both men and
women, eccentric fatiguing exercise is manifested similarly
during isometric muscle actions, but not during eccentric and
concentric muscle actions.

Introduction

It has been suggested that women are less susceptible than men
to muscle fatigue as a result of concentric and isometric muscle ac-
tions [20, 21]. Sex-related differences in muscle fatigue have been
attributed to differences in muscle strength, the intensity of the
fatiguing task, muscle blood flow, the velocity of contraction, and
the muscle groups involved [20, 21]. For example, Hunter and
Enoka [24] reported that sex differences in the time to exhaustion
during continuous isometric muscle actions at 20 % of maximal vol-
untary isometric contraction (MVIC) were accounted for by differ-
ences in muscle strength. At higher intensities of exercise (70-80%
of MVIC), however, men and women experienced similar fatigue-
induced decreases in performance (peak strength and/or time to
exhaustion), while at lower intensities (20 % of MVIC) of exercise
men fatigued more rapidly than women [32]. In addition, Senefeld
etal. [47] reported the men and women experienced similar reduc-
tions in MVIC torque following a 60-s maximal sustained isometric
muscle action of the leg extensors. Furthermore, men experienced
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greater reductions in MVIC following maximal intermittent dorsi-
flexion muscle actions during non-ischemic conditions, but there
were no sex differences when muscle blood flow was occluded [43].
Thus, it has been speculated that one of the underlying mecha-
nisms of sex-specific fatigue responses is related to muscle blood
flow [20, 21]. Specifically, it is thought that greater absolute
strength in men than women would result in greater occlusion of
muscle blood flow and, consequently, increase the buildup of me-
tabolites [20, 21]. At higher intensities of exercise, it is believed that
muscle blood flow occlusion is similarin men and women [20, 21].
For example, when muscle blood flow was artificially occluded both
men and women experienced similar reductions in maximal
strength and time to exhaustion [43].

At a slow isokinetic velocity (60°-s~'), women performed a
greater number of elbow flexion muscle actions than men, when
performed at 20 % of MVIC to exhaustion [56]. At 20 % of one-rep-
etition maximum, there were no sex-related differences in MVIC or
electromyographic (EMG) amplitude, when instructed to complete
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each forearm flexion muscle action as fast as possible [48]. Under
the same conditions, however, men exhibited greater reductions
in MVIC and EMG amplitude than women when instructed to com-
plete each knee extension muscle action as fast as possible [48].
Furthermore, for the leg extensors men and women experienced
similar reductions in maximal torque following 120 isokinetic
(60°-s7") leg extension muscle actions performed at 20 % of con-
centric peak torque (PT), but women recovered a greater extent
than men over a 10-min period following exercise cessation.
For the forearm flexors, however, there were no sex-related differ-
ences in the EMG or mechanomyographic (MMG) amplitude or
mean power frequency responses, but sex-specific decreases in
MVIC and concentric PT as a result of fatiguing isometric and con-
centric muscle actions performed at 65 % of MVIC or concentric PT
[17,18]. The lack of sex-specific EMG and MMG responses as a re-
sult of fatiguing concentric and isometric muscle actions of the
forearm flexors suggested that the sex differences in the torque re-
sponses could not be attributed to differences in motor unit recruit-
ment (EMG amplitude and MMG amplitude) or motor unit firing
rates (EMG amplitude and MMG mean power frequency)
[17,18,48]. Thus, for concentric and isometric muscle actions, sex
differences depend largely on the characteristics of the fatiguing
interventions and the muscle groups involved (i. e. upper versus
lower body).

During eccentric muscle actions, however, the mechanisms
mediating sex-specific fatigue responses may be different than
those forisometric and concentric muscle actions [20]. In addition,
unlike concentric and isometric muscle actions, women experi-
enced greater fatigue-induced decreases in MVIC than men follow-
ing submaximal [46] or maximal [49] eccentric muscle actions of
the forearms flexors. For the leg extensors, however, there were no
sex differences in maximal torque, power, voluntary activation, or
resting twitch amplitude following 150 maximal isokinetic
(60°-s~1) eccentric muscle actions [29]. Thus, it is possible that
like fatiguing concentric and isometric muscle actions, potential
sex differences following fatiguing eccentric muscle actions may
be related to the characteristics of the fatiguing task or the muscle
groups involved. Therefore, the primary purpose of the presentin-
vestigation was to examine sex-related differences as a result of fa-
tiguing eccentric muscle actions on torque, muscle blood flow,
EMG, and MMG. Secondary purposes were to examine whether
there were mode-specific decreases in eccentric PT, concentric PT,
and MVIC as a result of fatiguing eccentric muscle actions. Based
on previous investigations [17, 18,48], we hypothesized that there
would be no sex-related differences in EMG or MMG, but sex-spe-
cific decreases in eccentric PT, concentric PT, and MVIC. Further-
more, the sex-related differences in torque would be associated
with differences between the men and women in muscle blood flow
responses, but there would be no mode-specific decreases in
torque [21].

Material and Methods

Subjects

Twenty men and 20 women volunteered to participate in this in-
vestigation. However, two men and two women were unable to
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> Table 1 Descriptive characteristics (mean £SD) for the men (n=18) and
women (n=18).

Variable Men Women
Age (yrs) 23.2£3.0 22.3+1.7
Body Weight (kg) * 85.4+12.1 64.1+£8.3
Height (cm) * 179.6+8.2 167.5%5.9
Resistance training 6.9+2.8 6.3+3.5
(hrs-wk=1)

Body percentage fat (%) * 11.1£4.2 20.2+5.5
Lean Body Mass (kg) * 75.9+10.0 51.2£5.5
* Significant (p<0.05) difference between men and women.

complete all testing procedures, and were therefore eliminated
from all analyses (> Table 1). The subjects had no known cardio-
vascular, pulmonary, metabolic, muscular, and/or coronary heart
disease, or reqularly used prescription medication. In addition, at
the time of testing all subjects had been actively participating in
resistance training for at least the past six months. The subjects vis-
ited the laboratory on two occasions separated by at least 72-h and
were instructed to avoid performing upper body exercise 48-h prior
to the testing visit. The subjects were rescheduled if they were ex-
periencing any muscle soreness (score of two or greater on a 10-
point scale) as determined by a visual analog scale [31]. The study
was approved by the University Institutional Review Board for
Human Subjects, and the study was consistent with the Interna-
tional Journal of Sports Medicine’s ethical standards [11]. All sub-
jects completed a health history questionnaire, and signed a writ-
ten informed consent prior to testing.

Procedures
Familiarization

The first laboratory visit consisted of an orientation session to fa-
miliarize the subjects with the testing protocols. During the orien-
tation, body weight, height, and body percentage fat were deter-
mined for each subject. Body percentage fat was calculated from
the seven-site skinfold equation of Jackson and Pollock [25]. Fol-
lowing the determination of subject characteristics, the subjects
performed submaximal and maximal isometric muscle actions, as
well as submaximal and maximal eccentric and concentric, isoki-
netic muscle actions of the elbow flexors at a velocity of 180°-s71.
To familiarize the subjects with the fatiguing protocols, the sub-
jects practiced performing eccentric, isokinetic muscle actions at
avelocity of 180°-s~1 and at an intensity that corresponded to
60 % of their eccentric PT, which was visually tracked using real-time
torque displayed on a computer monitor.

Determination of eccentric PT, concentric PT, and MVIC

During visit two, the subjects performed a warm-up consisting of
three sets of 10 repetitions of reciprocal eccentric-concentric mus-
cle actions of the dominant (based on throwing preference) elbow
flexors with 1-min of rest between sets. Each repetition was per-
formed at a velocity of 180°-s~1 on a calibrated isokinetic dy-
namometer (Cybex 6000) at approximately 50 % effort. Following
the warmup, the subjects rested for 5-min and then randomly per-
formed two pretest maximal eccentric PT (180°-s~1), concentric
PT(180°-s~1),and MVIC trials. The eccentric and concentric mus-
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cle actions were performed through a 90 ° range of motion (0-90°
of elbow flexion, where 0° corresponds to full extension at the
elbow). The isometric muscle actions were performed at a joint
angle of 45° and each MVIC trial was sustained for 3-s [26]. Peak
torque and MVIC trials were also performed immediately (posttest)
and 5-min after (recovery) completing the fatiguing protocol. The
posttest and recovery trials were performed in the same order
using the same procedures as the pretest trials.

Fatiguing protocol at 60 % of eccentric PT

Following the determination of the pretest eccentric PT, concen-
tric PT, and MVIC, the subjects performed 50 eccentric-only mus-
cle actions of the elbow flexors at 60 % of their pretest eccentric PT.
Real-time torque was displayed on a computer monitor and each
eccentric muscle action was performed at a velocity of 180°-571
and was followed by a passive concentric muscle action that was
assisted by the investigator.

Electromyographic and mechanomyographic
measurements

During visit two, pre-gelled surface electrodes (Ag/AgCl, AccuSen-
sor, Lynn Medical, Wixom, MI, USA) were placed in a bipolar arrange-
ment (30 mm center-to-center) on the dominant arm over the bi-
ceps brachii according to the recommendations of Barbero et al. [3].
The reference electrode was placed over the acromion process, and
prior to each electrode placement, the skin was shaved, carefully
abraded, and cleaned with alcohol. The MMG signals from the biceps
brachii were detected using an accelerometer (Entran EGAS FT 10,
dimensions: 1.0%1.0x 0.5 cm, mass: 1.0 g) that was placed between
the proximal and distal EMG electrodes of the bipolar arrangement
using double-sided adhesive tape. The raw EMG and MMG signals
were digitized at 2,000 Hz with a 32-bit analog-to-digital converter
(Model MP100, Biopac Systems, Inc.) and stored in a personal com-
puter (ATIV Book 9 Intel Core i7 Samsung Inc., Dallas, TX) for subse-
quent analyses. The EMG signals were amplified (gain: x 1,000) using
differential amplifiers (EMG 100, Biopac Systems, Inc., Santa Barbara,
CA). The EMG and MMG signals were digitally bandpass filtered
(fourth-order Butterworth, zero-phase shift) at 10-500 Hz and
5-100 Hz, respectively. All signal processing was performed in Lab-
VIEW. The amplitude of the EMG (uV root-mean-square, uyVrms) and
MMG (m-s~2) signals, as well as the mean power frequency (Hz) val-
ues for the eccentric and concentric contractions were calculated
from 30-60° of flexion at the elbow (0 ° corresponds to full extension
at the elbow). Thus, signal epochs of 0.17-s (333 data points) were
used to calculate the EMG and MMG values associated with the ec-
centric and concentric muscle actions. Similarly, the EMG and MMG
values during the MVIC muscle actions were calculated for a time
period that corresponded to 1-s (2,000 data points) over the middle
1/5 of the muscle action. These portions of the signals were selected
to avoid the acceleration and deceleration phases that are typical of
isokinetic dynamometers [5] and to avoid the initial gross lateral
movement that occurs at the onset of a muscle action [36].

Ultrasound measurements

Muscle blood flow was assessed via ultrasound prior to, immedi-
ately after (within 57+ 85), and 5-min (298 + 3 s) after completing
the fatiguing protocol. Ultrasound images of the dominant elbow
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flexors were obtained using a portable brightness mode ultrasound
imaging device (GE Logiq e, USA) and a multi-frequency linear-ar-
ray probe (12L-Rs; 5-13 MHz; 38.4 mm field-of-view). Blood flow
was assessed from the brachial artery proximal to the antecubital
fossa [7] using Pulsed Wave Doppler at a repetition frequency of
10 MHz and once identified, the location was marked with a per-
manent marker. All blood flow measurements were assessed at an
insonation angle of 60 ° to the brachial artery collected over a pe-
riod of three cardiac cycles [37,38] and derived based on previous
recommendations [8]. All measurements were taken while the sub-
jects were lying in the supine position on the isokinetic dynamom-
eter with both their arms and legs supported. Great care was taken
to ensure that consistent, minimal pressure was applied with the
probe to limit compression of the artery.

Data analysis
Normalization

To allow for the comparison between sexes and modes, the neuro-
muscular parameters (EMG amplitude, EMG mean power frequen-
¢y, MMG amplitude, MMG mean power frequency) were normal-
ized to the pretest MVIC neuromuscular responses. For all other
analyses including eccentric PT, concentric PT, MVIC, and muscle
blood flow, absolute values were used.

Statistical analyses

A2 (Sex [men, women]) % 3 (Time [pretest, posttest, recovery])x3
(Mode [eccentric PT, concentric PT, MVIC]) mixed factorial ANOVA
was used to analyze the torque responses as a result of the fatiguing
protocol. Muscle blood flow was examined using a 2 (Sex [men,
women]) % 3 (Time [pretest, posttest, recovery]) mixed factorial
ANOVA and the neuromuscular responses during the eccentric PT,
concentric PT, and MVIC trials were examined using four (EMG am-
plitude, EMG mean power frequency, MMG amplitude, and MMG
mean power frequency) separate 2 (Sex [men, women])x 3 (Time
[pretest, posttest, recovery]) % 3 (Mode [eccentric PT, concentric PT,
MVIC]) mixed factorial ANOVAs. Significant interactions were de-
composed with follow-up repeated measures ANOVAs and Bonfer-
onni-corrected independent or dependent samples t-tests. Green-
house-Geisser corrections were applied when sphericity was not met
according to Maulchy’s Test of Sphericity and partial eta squared ef-
fect sizes (nZ)were calculated for each ANOVA. All statistical analyses
were performed using IBM SPSSv. 21 (Armonk, NY) and an alpha of
p<0.05 considered statistically significant for all comparisons.

Results

Torque responses

There was no significant 3-way interaction (Sexx Time x Mode), but
there were three significant 2-way (Sex x Time, Sex x Mode,
Mode x Time) interactions for torque (> Table 2). As a result, the
3-way ANOVA was decomposed into separate Time x Mode repeat-
ed measures ANOVAs by Sex.

For the men, there was a significant two-way Time X Mode in-
teraction and significant simple main effects (> Table 2). Follow-
up analyses indicated that there were decreases from pretest to
posttest for eccentric PT (decreased to 80.0 % of pretest), concen-
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> Table 2 Displays the effects for each variable with the corresponding
p-value and partial eta squared effect size. In the event of an interaction(s),
only the main effect(s) not involved in the interaction(s) were provided.

Variable Effect p-Value Partial Eta
Squared
Torque SexxTime x Mode 0.503 0.026
SexxTime <0.001 0.775
Sex x Mode <0.001 0.701
Mode x Time <0.001 0.861
Muscle Blood Flow Sex x Time 0.003 0.170
EMG Amplitude SexxTime x Mode 0.932 0.007
SexxTime 0.782 0.008
SexxMode 0.055 0.087
Mode x Time 0.002 0.263
Sex 0.498 0.014
EMG Mean Power Sexx Time x Mode 0.768 0.014
Frequency
SexxTime 0.707 0.011
Sexx Mode 0.629 0.014
Mode x Time 0.230 0.043
Sex 0.420 0.020
Mode 0.013 0.127
Time <0.001 0.329
MMG Amplitude SexxTime x Mode 0.557 0.023
SexxTime 0.488 0.022
SexxMode 0.148 0.058
Mode x Time 0.121 0.055
Sex 0.104 0.081
Mode <0.001 0.456
Time 0.998 0.001
MMG Mean Power SexxTime x Mode 0.459 0.028
Frequency
SexxTime 0.137 0.060
SexxMode 0.556 0.018
Mode x Time 0.665 0.018
Sex 0.109 0.078
Mode 0.007 0.143
Time 0.350 0.032

tric PT (80.5 %), and MVIC (87.1 %) that returned to pretest levels
at recovery for MVIC (96.0 %), but only partially recovered for ec-
centric PT (88.9 %) and concentric PT (88.0 %) (> Fig. 1). At pretest,
eccentric PT (71.3 Nm) was greater than MVIC (59.5Nm) and con-
centric PT (44.2Nm), and MVIC was greater than concentric PT. At
posttest and recovery, however, both eccentric PT (57.0 Nm and
63.3Nm, respectively) and MVIC (51.8 Nm and 57.2 Nm, respec-
tively) were greater than concentric PT (35.5Nm and 38.8 Nm, re-
spectively), but eccentric PT was not greater than MVIC at posttest
or recovery.

For the women, there was a significant two-way Time x Mode
interaction and significant simple main effects (> Table 2). Follow-
up analyses indicated that there were decreases from pretest to
posttest for eccentric PT (decreased to 82.5 % of pretest), concen-
tric PT (86.1 %), and MVIC (88.2 %) that returned to pretest levels
at recovery for concentric PT (95.0 %) and MVIC (99.6 %), but re-
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mained depressed for eccentric PT (86.9 %) (> Fig. 1). At pretest,
posttest, and recovery, eccentric PT (41.4Nm, 34.2Nm, and
36.0Nm, respectively) was greater than MVIC (29.1 Nm, 24.8 Nm,
and 29.0 Nm, respectively), and MVIC was greater than concentric
PT (23.8Nm, 20.5Nm, and 22.6 Nm, respectively) at all time points.

Muscle blood flow responses

There was a significant Sex x Time interaction for muscle blood flow
(> Table 2). Analyses for simple main effects, however, indicated that
the men and women exhibited very similar fatigue-related patterns
of responses for muscle blood flow. Specifically, muscle blood flow
increased from pretest to posttest, and had partially returned to pre-
test levels at recovery for both the men and women (> Fig. 2). At pre-
test, posttest, and recovery, however, muscle blood flow (mL-min~1)
was greater for the men than the women.

Neuromuscular responses
EMG amplitude

There was no significant 3-way interaction (Sexx Time x Mode), but
there was a significant Time x Mode (collapsed across Sex) interac-
tion for EMG amplitude, but no main effect for Sex (> Table 2). Fol-
low-up one-way ANOVAs for Mode and Time indicated that there
were decreases from pretest and posttest to recovery for MVIC
(pretest and posttest >recovery), and a decrease from posttest to
recovery for concentric PT (posttest >recovery), while there were
no changes during the eccentric PT muscle actions (pretest = post-
test=recovery) (> Fig. 3). At pretest, EMG amplitude was greater
during the concentric PT than eccentric PT muscle actions (concen-
tric PT>eccentric PT). At posttest, EMG amplitude was greater dur-
ing the concentric PT and MVIC than eccentric PT muscle actions
(concentric PT and MVIC>eccentric PT). At recovery, EMG ampli-
tude was greater during the concentric PT than MVIC muscle ac-
tions (concentric PT>MVIC). Collectively, during the eccentric PT
muscle actions, EMG amplitude was lower and remained un-
changed at all time points. On the contrary, EMG amplitude was
higher during the concentric PT muscle actions, but EMG ampli-
tude decreased during the concentric PT and MVIC muscle actions.

EMG mean power frequency

There was no significant 3-way (Sex x Time x Mode), or 2-way
(Sexx Time, Sex* Mode, Mode x Time) interactions for EMG mean
power frequency (> Table 2). There was, however, main effects for
Mode (collapsed across Sex and Time; eccentric PT>MVIC>con-
centric PT) and Time (collapsed across Sex and Mode; recov-
ery>pretest > posttest). Thus, EMG mean power frequency was
greater during the eccentric PT muscle actions. For all three modes
and both sexes, EMG mean power frequency decreased from pre-
test to posttest, but increased from posttest to recovery and was
greater at recovery than at pretest.

MMG amplitude

There was no significant 3-way (Sexx Time x Mode), or 2-way
(Sexx Time, Sex*xMode, Mode x Time) interactions for MMG am-
plitude (> Table 2). There was, however, a main effect for Mode
(collapsed across Sex and Time) that was greater during the eccen-
tric PT and concentric PT than MVIC muscle actions (eccentric PT
and concentric PT>MVIC).

Hill EC et al. Sex- and Mode-specific Responses ... Int ] Sports Med 2018; 39: 893-901
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> Fig. 2 The pretest, posttest, and recovery muscle blood flow
responses (mean  SE) for the men and women. There were signifi-
cant (p<0.05) increases from pretest to posttest! that partially re-
turned to pretest levels at recoveryf for both the men and women.
There was no difference in the relative increases in muscle blood flow
from pretest to posttest or the recovery responses between the men
and women.

MMG mean power frequency

There was no significant 3-way (Sex x Time x Mode), or 2-way
(Sexx Time, Sexx Mode, Mode x Time) interactions for MMG mean
power frequency (> Table 2). There was, however, a main effect for
Mode (collapsed across Sex and Time) that was greater during the
eccentric PT and concentric PT than MVIC muscle actions (eccen-
tric PT and concentric PT>MVIC).

Discussion

Torque responses

In the present study, there were sex-specific torque responses that
resulted in differences in the magnitudes of recovery. Specifically,
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> Fig3 The electromyographic (EMG) amplitude responses

(mean £ SE) during the eccentric peak torque (PT), concentric PT, and
maximal voluntary isometric contraction (MVIC) muscle actions
(collapsed across Sex) at pretest, posttest, and recovery. There were
significant (p<0.05) decreases from pretest and posttest to recov-
ery * during the concentric PT and MVIC muscle actions. At all time
points, EMG amplitude was greater! during the concentric PT than
eccentric PT muscle actions and at posttest EMG amplitude was
greaterf during the MVIC than eccentric PT muscle actions.

for both the men and women, there were decreases from pretest
to posttest for eccentric PT, concentric PT, and MVIC. At recovery,
MVIC returned to pretest levels for both the men and women. There
was, however, sex-specific recovery responses for eccentric PT that
partially returned to pretest levels for the men, but remained de-
pressed for the women. In addition, concentric PT returned to pre-
test levels for the women, but only partially returned to pretest lev-
els for the men. Thus, following the fatiguing eccentric muscle ac-
tions, eccentric PT recovered to a greater in extent in men, while
concentric PT recovered to a greater extent in women.

The present findings were consistent with previous investiga-
tions [17, 18] that have examined sex-specific responses as a result
of fatiguing exercise. Specifically, fatiguing isometric or concentric
muscle actions performed at 65 % of MVIC or concentric PT result-
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ed in sex-specific decreases in MVIC and concentric PT[17,18]. The
current findings, in conjunction with previous investigations
[17,18], indicated that performing dynamic fatiguing muscle ac-
tions at intensities <65 % of maximum torque resulted in sex-relat-
ed torque responses. At higher intensities of exercise, however, it
has been reported that men and women fatigued similarly [21]. For
example, there were no sex-related differences in the posttest de-
creases in MVIC or concentric PT as a result of fatiguing concentric
orisometric muscle actions performed at 80-90 % of MVIC or con-
centric PT [32,40,41,56]. Thus, like fatiguing concentric and iso-
metric muscle actions, there may exist sex-specific torque respons-
es to fatiguing eccentric muscle actions that are dependent upon
the intensity of the fatiguing exercise.

The sex-specific recovery responses in the present study were
partially consistent with previous investigations [18, 22,40, 41,43].
For example, like the present findings for eccentric muscle actions,
concentric PT and MVIC recovered to a greater extent in women than
men after 5- or 10-min of recovery following fatiguing isometric and
concentric interventions performed at intensities of 65-100 % of
MVIC or concentric PT [18,22,43]. In addition, there were no sex-
specific responses for MVIC torque or power following 150 maximal
eccentric muscle actions of the leg extensors performed at
60°-s~1[29]. After 24-h of recovery, however, muscle power as-
sessed during a concentric muscle action performed at 60 % of MVIC
recovered to a greater extent in men than women, but there were
no differences in power assessed from 10-50 % of MVIC [29]. On the
contrary, MVIC recovered to a greater extent in men than women
following 150 maximal eccentric muscle actions of the dorsiflexors
[41]. There were, however, no sex-specific recovery responses fol-
lowing 150 eccentric muscle actions of the dorsiflexors at 80 % of
MVIC [40]. Therefore, for the dorsiflexors there are conflicting results
regarding sex-specific responses to high-intensity fatiguing eccen-
tric muscle actions. In the present study, for the elbow flexors con-
centric PT recovered to a greater extent for the women, while eccen-
tric PT recovered to a greater extent for the men. Together, the pre-
sent findings and those of Lee et al. [29] indicated that fatiguing
eccentric muscle actions of the forearm flexors and leg extensors re-
sulted in sex-specific torque responses that were manifested during
concentric muscle actions, but there were no sex-specific responses
during isometric muscle actions at any time points.

For both the men and women, MVIC torque returned to pretest
levels at recovery which may have been related to a shift in the op-
timal angle of force production. For example, Prasartwuth et al.
[42] reported that the optimal joint angle for MVIC increased 16.7 °
to alonger muscle length following fatiguing eccentric muscle ac-
tions of the elbow flexors. In addition, eccentric muscle actions
have been applied in clinical and athletic settings to induce shifts
in the optimal angle of force production as a potential protective
mechanism to reduce the prevalence of sport-related injuries [6].
On the contrary, Lee et al. [29] reported no change in the optimal
angle of force production following 150 maximal eccentric muscle
actions. The authors [29] suggested that the lack of change in the
optimal angle of force production may have been due to prior ex-
ercise training experience. Thus, itis possible that the fatiguing ec-
centric muscle actions in the preset study induced a shiftin the op-
timal angle of force production, and it is also possible that fatigue-
induced decreases in torque as a result of fatiguing eccentric
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muscle actions were manifested differently between isometric ver-
sus dynamic muscle actions.

Muscle blood flow

There was greater absolute muscle blood flow in men compared to
women at pretest, posttest, and recovery, but there was no differ-
ence in the fatigue-related patterns of changes in muscle blood
flow between the men and women tested. Specifically, muscle
blood flow increased from pretest to posttest for both the men and
women, and partially returned to pretest levels at recovery. These
findings were not consistent with previous investigations [30,39]
that have reported sex-related differences in muscle blood flow as
aresult of fatiguing concentric or isometric interventions. That is,
compared to men, women exhibited greater relative increases in
muscle blood flow as a result of maximal effort leg extension mus-
cle actions performed to exhaustion and following 3-min of blood
flow occlusion of the brachial artery [30, 39]. The fatigue-related
change in muscle blood flow in the present study indicated that fa-
tiguing eccentric muscle actions at 60 % of eccentric PT resulted in
the same patterns of response from pretest to posttest and post-
test to recovery in men and women.

Increases in muscle blood flow as a result of exercise have been
used to make inferences regarding sex-related differences in the
magnitude of blood flow occlusion and exercise-induced increases
in muscle blood flow [21, 23, 24]. For example, mechanical com-
pression of the arteries increases with muscle strength and/or ex-
ercise intensity [14, 24, 27]. Thus, muscle blood flow may be af-
fected to a greater extent in men than women due to differences
in absolute muscle strength [21]. In addition, strength-related dif-
ferences between men and women may contribute to an earlier
onset of muscle blood flow occlusion at lower intensities of exer-
cise in men than women [21, 23, 24]. The extent to which muscle
blood flow contributes to muscle fatigue in men versus women dur-
ing dynamic exercise, however, remains unclear [24,39]. As a re-
sult of isolated eccentric or concentric fatiguing interventions, dur-
ing the passive return of the lever arm or external load thereis are-
moval of tension from the working muscle that may facilitate a
decrease in the mechanical compression of the arteries. Thus, it is
possible that dynamic muscle actions do not result in the same
magnitude of blood flow occlusion as isometric muscle actions. In
addition, eccentric muscle actions are less metabolically demand-
ing than concentric and isometric muscle actions and, therefore,
may stimulate smaller changes in muscle blood flow during fatigu-
ing exercise. Consistent with this hypothesis, the findings of the
present study indicated that muscle blood flow was not associated
with sex-specific torque responses as a result of fatiguing eccentric
muscle actions and muscle blood flow had partially returned to pre-
test levels after 5-min of recovery. Therefore, the mechanisms un-
derlying sex-specific decreases in torque as a result of fatiguing ec-
centric muscle actions may be different than fatiguing concentric
and isometric muscle actions.

Neuromuscular responses

There were no sex-specific patterns of changes for any of the neu-
romuscular parameters and there were no changes from pretest to
posttest for EMG amplitude, MMG amplitude, or MMG mean power
frequency. These findings suggested that motor unit activation

Hill EC et al. Sex- and Mode-specific Responses ... Int ] Sports Med 2018; 39: 893-901



(EMG amplitude), motor unit recruitment (MMG amplitude), and
motor unit firing rate (MMG mean power frequency) remained un-
changed from pretest to posttest. There were, however, decreases
for EMG mean power frequency from pretest to posttest that were
consistent with the decreases in eccentric PT, concentric PT, and
MVIC as a result of the fatiguing eccentric intervention. The pre-
sent findings were consistent with those of Lee et al. [29] who re-
ported no sex-related differences in voluntary activation or resting
twitch amplitude following maximal fatiguing eccentric muscle ac-
tions of the leg extensors. After 48-hr of recovery, resting twitch
amplitude returned to pretest levels, but voluntary activation re-
mained depressed. Thus, the authors [29] suggested that both cen-
tral and peripheral mechanisms mediated the fatigue-induced de-
creases in strength and power immediately and 24-h after fatigu-
ing eccentric muscle actions. At 48-h into recovery, the decreases
in strength and power were attributed to central mechanisms as
indicated by voluntary activation that was still depressed [29]. To-
gether, the present findings in conjunction with those of Lee et al.
[29] indicated that fatiguing eccentric muscle actions do not result
in sex-specific neuromuscular responses.

The fatigue-induced decreases in EMG mean power frequency
from pretest to posttest for all three modes of muscle actions sup-
ported the fatiguing nature of the 50 repeated, submaximal, eccen-
tric muscle actions. Specifically, fatiguing exercise has been associ-
ated with decreases in EMG mean power frequency that may reflect
the effect of the accumulation of metabolic byproducts on muscle
fiber action potential conduction velocity [15, 16, 18]. The increases
in EMG mean power frequency at recovery may have reflected the
clearance of metabolic byproducts orincreases in muscle tempera-
ture [1]. In the present study, it is possible that some of the elastic
recoil energy associated with the eccentric muscle actions may have
been dissipated as heat [10] and/or exercise-induced increases in
muscle blood flow increased muscle temperature [1].

During the eccentric PT muscle actions, EMG amplitude was
lower and EMG mean power frequency was greater than during the
concentric PT and MVIC muscle actions. These findings were con-
sistent with previous investigations and may reflect selective re-
cruitment [33,34,50] and/orincreased inhibitory feedback during
eccentric muscle actions [2,52]. It has been theorized that lower
muscle activation and faster action potential conduction velocity
responses during eccentric muscle actions may reflect an improved
distribution of mechanical stress on a fewer number of motor units,
specifically fast-twitch motor units [10, 13]. In addition, increased
inhibitory feedback due to high contractile forces associated with
eccentric muscle actions may cause a net decrease in muscle acti-
vation [10, 13]. Thus, it is possible that the lower EMG amplitude,
but greater EMG mean power frequency responses during the ec-
centric PT muscle actions reflected mode-specific motor control
strategies to modulate torque production. Furthermore, MMG am-
plitude and MMG mean power frequency values were greater at
pretest, posttest, and recovery during the eccentric PT and con-
centric PT than MVIC muscle actions. These findings were also con-
sistent with previous investigations [15, 16] that have examined
MMG responses for dynamic versus static muscle actions. In con-
junction with previous investigations [15, 16], the findings of the
present study suggested that dynamic muscle actions may have
resulted in greater intracellular and extracellular fluid turbulence,
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which caused greater muscle perturbations and increased the MMG
values [4].

Collectively, the results of the present study indicated that there
were no sex-specific patterns of changes for the EMG or MMG re-
sponses. There were, however, decreases in EMG mean power fre-
quency from pretest to posttest for all modes of muscle actions
that supported the fatiguing nature of the exercise intervention
and may have reflected the buildup of metabolic byproducts. The
lower EMG amplitude values and greater EMG mean power frequen-
cy values during the eccentric PT muscle actions may have reflect-
ed mode-specific differences in the motor control strategies that
modulate torque production. The greater MMG amplitude and
MMG mean power frequency responses during the eccentric PT
and concentric PT than MVIC muscle actions were likely due to the
dynamic versus static characteristics of the muscle actions.

Summary

The findings of the present study indicated that there were sex- and
mode-specific responses for torque. Specifically, the magnitude of
torque recovery was greater for the women during the concentric
PT muscle actions, but greater for the men during the eccentric PT
muscle actions. There were, however, no sex-related differences
for muscle blood flow or any of the neuromuscular parameters.
Muscle blood flow increased from pretest to posttest and partially
returned to pretest levels at recovery. In general, EMG amplitude
was lower and EMG mean power frequency was higher, respective-
ly, during the eccentric PT than the concentric PT and MVIC mus-
cle actions. In addition, MMG amplitude and MMG mean power
frequency values were greater at pretest, posttest, and recovery
during the eccentric PT and concentric PT than MVIC muscle ac-
tions that were likely due to the dynamic versus static characteris-
tics of the muscle actions. Collectively, the findings of the present
study indicated that there were sex- and mode-specific responses
for torque, but there were no sex-specific muscle blood flow or neu-
romuscular responses as a result of fatiguing eccentric muscle ac-
tions performed at 60 % of eccentric PT and at a velocity of
180°-s71.

Limitations

In the present study, the women were not asked to provide infor-
mation regarding their phase within the ovarian cycle or whether
they were using a contraceptive. Muscle blood flow and muscle
strength, however, may be affected by different phases within an
ovarian cycle. For example, the increases in flow-mediated dilation
of the brachial artery were greater during the follicular (18.2 £0.8 %)
and luteal (17.5+0.7 %) phases than the menstrual phase
(11.2+0.6%) [12]. In a similar study, the increases in flow-mediat-
ed dilation of the brachial artery were enhanced during the early
follicular (8.8 +0.6 %) and late follicular (10.0+ 0.7 %) phases than
in the early luteal (4.2 +0.6) and late luteal (2.7 £ 0.4 %) phases [55].
Despite differences in flow-mediated dilation in previous studies
[12,55], there were no significant differences in mean blood flow
across phases of the ovarian cycle [28]. Furthermore, using test-
retest reliability values, we [19] recently demonstrated that chang-
es of 80 % or more in baseline muscle blood flow for women would
be required to identify a “real” [53] change. Thus, our previous find-
ings [19] indicated that the magnitude of typical changes in mus-
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cle blood flow across phases of the ovarian cycle [12,55] represent-
ed approximately 1-2 % of the exercise-induced changes in the pre-
sent study and, therefore, would likely not be of sufficient
magnitude to affect the responses in the present study.

In regards to the effects of the ovarian cycle on muscle strength,
previous investigations [51, 54] have reported that strength was
greater during the follicular phase, while other investigations [9, 44]
reported that strength was greater during the luteal phase. For
women taking contraceptives, however, there appears to be no ef-
fect on strength performance [35, 45]. In the present study, all sub-
jects completed the testing visits within 72-96 h and the ICC values
for muscle blood flow and strength across the testing visits were
R=0.888 and R=0.961, respectively. These findings in conjunction
with previous investigations [12,45, 55], suggested that it is not
likely that the ovarian cycle affected the muscle blood flow or
strength responses in the present study.
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