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Abstract: Chronic menstrual dysfunction and low female sex hormones adversely affect muscular
performance in women but studies in college athletes are scarce. A cohort of 18 Japanese, female
college athletes at the University of Tsukuba, Japan, were recruited and studied over 3 weeks under
2 conditions. One group had normal menstrual cycling (CYC, 9 athletes) while the other had irregular
cycles (DYS, 9 athletes). Hormones and creatine kinase (CK) were measured from blood under both
rest (RE) and exercise (EX) conditions. Biceps femoris tendon stiffness was measured by myometry.
No differences in age, height, weight, menarche age, or one-repetition maximum weight existed
between the groups. The DYS group had persistently low levels of estrogen and progesterone.
In the CYC group, the CK level significantly increased at each point immediately post-exercise and
24 h post-exercise compared to pre-exercise in Weeks 1 and 2, and significantly increased at 24 h
post-exercise compared to pre-exercise status in Week 3. The DYS group was significantly different
only between pre-exercise and 24 h post-exercise over all 3 weeks. The DYS group also suffered
from higher biceps femoris tendon stiffness at 24 h post-exercise. Chronic menstrual irregularities in
Japanese college athletes increase muscle damage markers in the bloodstream and muscle stiffness
after acute strength training.
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1. Introduction

Resistance training enhances muscle function, controls muscular glucose metabolism,
and contributes to stabilization that reduces musculoskeletal injury [1]. It also requires
efficient repair of muscles after Type I injury (muscle soreness that occurs 24 to 48 h after
unaccustomed exercise, also known as delayed onset muscle soreness, “DOMS”) for full
recovery and subsequent increases in strength [2].

However, chronically late menstruation (cycles of longer than 39 days; oligomen-
orrhea) negatively affects muscle performance and recovery by stiffening muscles and
increasing inflammation [3-7]. Around 33% of Japanese college athletes suffer from men-
strual dysfunction and this issue globally affects female athletes [8,9]. Persistently low
female sex hormones result in poor exercise recovery and, in women with oligomenorrhea,
may decrease the advantages of acute strength training due to inefficient repair [4].

Women are prone to hamstring injury, and resistance training the biceps femoris to
prevent injury is a key component of female sports conditioning [10,11], but this muscle
accounts for high creatine phosphokinase activity after exercise [12]. Creatine kinase (CK),
released into the blood from damaged muscle tissue, is a useful biomarker for the intensity
of a strength exercise while musculoskeletal stiffness during recovery, especially in the
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post-exercise recovery phase, may be associated with injury risk and is a valuable measure
of muscular performance [13,14]. Although studies on biomarkers of tendon damage have
reported that inflammatory factors such as tumor necrosis factor (TNF)-«, IL-1§3, IL-1¢, and
IFN-y are elevated in tendinopathies and ligament injuries, these serum cytokines may be
indicative of numerous other conditions (influenza, lupus, infection, etc.) and low estrogen
has been shown to elevate serum inflammatory markers [15,16]. Therefore, muscle damage
markers such as CK could be a less complex indicator of tendon condition, but studies
on chronically low estrogen athletes with regard to tendon stiffness and muscle damage
biomarkers have not been reported [17-19]. As stiffness is related to the risk of tendon
injury, generating a relationship between CK and tendon condition may be valuable in
accurate risk assessments for athletes with oligomenorrhea [14]. Diverse ways to measure
stiffness exist, including isolated movement performance and muscular oscillation, but non-
invasive myometry offers benefits for stationary, repetitive muscle measurements [20-24].

In this study, we hypothesized that oligomenorrheic athletes with chronically low
estrogen and progesterone would have higher CK and biceps femoris tendon stiffness after
acute strength training.

2. Results
2.1. Anthropometric Characteristics of the Participants

Participant characteristics are summarized in Supplemental Table S1. No significant
differences were observed between the groups, but the average menstrual cycle length
(in days) was significantly longer in the irregular menstrual cycle (DYS) group than the
cycling (CYC) group (79.6 £ 13.3 vs. 31.0 £ 1.9 days, p < 0.01).

2.2. Hormone Levels of the Participants

Hormone profiles and amounts over the study period in each group are summarized
in Supplemental Table S2. Both estradiol and progesterone levels are shown at the pre-
condition level. The CYC group in Weeks 2 and 3 showed significantly higher estradiol
levels than the DYS group in both exercise and rest conditions (Figure 1a,b). Progesterone
levels in Week 3 were significantly higher in the CYC group but in the DYS group remained
chronically low (Figure 1c,d). Exercise did not materially change estradiol or progesterone
levels for either group over the three-week study period.

2.3. CK Levels of the Participants

While no significant interactions in these groups with respect to time (groups x time)
were observed, athletes in the DYS group experienced higher levels of serum creatine kinase
over all timepoints (pre-workout, immediately after workout, and 24 h after workout) over
the 3-week study period compared to the CYC group (Figure 2a—c). In the CYC group, the
CK level significantly increased at each Post and Post 24 h point compared to Pre in Weeks
1 and 2 and significantly increased at Post 24 h compared to Pre in Week 3, while the DYS
group was significantly different only between Pre and Post 24 h over all 3 weeks.

2.4. Post-Exercise Stiffness in the Participants

Athletes in the DYS group had significantly higher stiffness in their biceps femoris
tendon each week at the 24 h post-workout timepoint than the CYC group athletes
(Figure 3a—c). Furthermore, stiffness in the DYS group was significantly elevated from Pre
to Post 24 h over all 3 weeks.
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Figure 1. Ovarian hormone levels over all weeks. (a) Estradiol concentration by group under exercise conditions, (b)
estradiol concentration by group under rest conditions, (c) progesterone concentration by group under exercise conditions,
and (d) progesterone concentration by group under rest conditions. The cycling (CYC) group is represented by black bars.
The irregular menstrual cycle (DYS) group is represented by white bars. Error bars represent SD. * indicates p < 0.05 between
CYC and DYS group in each condition.
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Figure 2. Variance of creatine kinase (CK) levels in exercise (EX) condition. (a) CK level from pre-exercise to Post 24 h in
Week 1, (b) CK level from pre-exercise to Post 24 h in Week 2, (c) CK level from pre-exercise to Post 24 h in Week 3. The
CYC group is represented by black circle markers and the DYS group by white circle markers. Error bars represent SD. *
indicates p < 0.05 between CYC and DYS group in time point.
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Figure 3. Variance of biceps femoris tendon stiffness readings in EX condition. (a) Biceps tendon stiffness from pre-exercise
to Post 24 h in Week 1, (b) biceps tendon stiffness from pre-exercise to Post 24 h in Week 2, (c) biceps tendon stiffness from
pre-exercise to Post 24 h in Week 3. The CYC group is represented by black circle markers and the DYS group by white
circle markers. Error bars represent SD. * indicates p < 0.05 between CYC and DYS group in time point. t indicates p < 0.05
compared to Pre and Post 24 h in DYS group.

3. Discussion

Our hypothesis was supported as athletes who experienced chronic menstrual delay
also had higher levels of post-exercise CK and higher stiffness. As expected, we saw a
higher basal level of CK at rest in the DYS group compared to the CYC group, as well as
higher stiffness readings after the exercise challenge in the DYS group compared to the
CYC group. This is similar to studies linking abnormal estrogen, tendon stiffness, and
release of damage markers, such as CK, in the serum/local muscle through multiple modes
of action [4,25-27].

We found that the acute, weekly exercise challenge did not affect levels of estrogen or
progesterone in either group, an effect not seen in other studies [28,29]. As one mechanism
for chronically low estrogen levels was reported to be a lack of body fat, thereby shutting
down synthesis, the insignificant differences between CYC and DYS groups with regard
to body composition cannot support this idea in our study [30]. We posit that the acute
exercise, which was 90% of the 1-RM, was enough to generate CK but was not done
often enough for a period of time long enough to cause the hormonal changes seen in
other studies.

Stiffness readings were as predicted, with the DYS group showing higher levels at the
Post 24 h timepoint over all 3 weeks. It is possible that we observed a delayed or incomplete
exercise recovery and remodeling (as evidenced by stiffness) in the low-hormone group
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as seen in other studies with low-estrogen women [5,31,32]. Thus, evaluation of stiffness
after Type I injury in oligomenorrheic women requires extended post-workout (24—48 h)
measurements [33]. To the best of our knowledge, the present study is the first to track
biceps femoris tendon stiffness after acute resistance training for up to 24 h after exercise in
oligomenorrheic Japanese college athletes over a multi-week period.

This study had several strengths. First, this is the first study in Japanese college-
level athletes to explore the effect of oligomenorrhea on muscular parameters. Second,
this study was conducted in an ethnically homogenous population and is expected to
be reflective of similar populations. However, limitations must be acknowledged. CK
was chosen as a damage marker instead of cytokines since large muscles are reported to
release CK upon injury [12]. Energy intake and expenditure were not measured during
the study period, which may have affected our serum CK results. Future studies will
need more participants as well as a minimum of 12 weeks of intervention while a study
design with 3-factor ANOVA (groups x timepoints x 12 weeks as independent variables)
will be essential for observing fluctuations in hormones from week to week. Next, this
study had a small sample size, possibly imparting bias into the results. Additionally,
assessing specific markers such as LD2, LD3, myoglobin, interleukin (IL)-6, IL-8, IL-10, and
TNF -a may elucidate temporal mechanisms of acute strength exercise on inflammatory
biomarkers that could impact athletic performance. However, this study adds to the scarce
body of literature on the real effects of chronic menstrual dysfunction in Japanese college
athletes and the utility of measuring muscle tendon stiffness using myometry instead of
functional testing.

4. Materials and Methods

We measured blood estrogen/progesterone levels, CK, and tendon stiffness in 2 groups
(eumenorrheic or oligomenorrheic college athletes) under rest or post-exercise conditions.
Three time-points (before exercise, immediately after exercise, 24 h after exercise) were
evaluated each week over a 3-week testing period.

A total of 22 female college athletes (ages 18-22) at the University of Tsukuba, Tsukuba,
Japan, were recruited from July 2017 to March 2018. Eligible participants could have either
normal menstrual cycles or irregular menstrual cycles (less than 5 times over the prior year).
Of these, 1 was excluded from the study for inability to meet the measurement schedule
and 3 were excluded for uncycled menstruation during the study period. All athletes were
ethnically Japanese and anthropometric data can be found in Supplemental Table S1. Of the
18 remaining participants, 9 had normal menstrual cycles and 9 had delayed menstrual
cycles. Inclusion criteria were as follows: physically healthy, non-smokers, familiar to
resistance training, and not on medications (including oral contraceptives). All participants
received an explanation of the purpose and flow of the study and signed an informed
consent form prior to their inclusion. All aspects of the study were approved by the Ethics
Committee of the University of Tsukuba in accordance with or equivalent to the principles
of the Declaration of Helsinki (Approval #29-19).

Basal body temperature was used to categorize menstrual cycles [34]. Starting at least
1 month prior to the measurement, the participants recorded their basal body temperatures
every morning upon awakening. Normal menstrual cycles (defined as a 28-35-day cycle)
and ovulation were confirmed by a gynecologist based on basal body temperature data
analysis and were used to retrospectively divide athletes into the 2 groups according to
ovarian status at baseline: either women with normally cycling menses (CYC group, 9 ath-
letes) or women with a dysfunctional cycle (DYS group, 9 athletes) [35]. We measured each
week and considered the first measurement in 2 conditions (rest and exercise) as the Week
1 timepoint, the second measurement as the Week 2 timepoint, and the third measurement
as the Week 3 timepoint. Athletes in the CYC group (who had cyclic menstruation 1 year
prior to evaluation) started their first measurement (Week 1) on the first day without club
activity at least 3 days post-menstruation.
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All measurements were done on days with no sports activities and participants
abstained from athletics 12 h before evaluation. Measurements for each athlete were
taken under 2 conditions, rest (RE) and exercise (EX), over the 3-week period. During RE,
athletes sat quietly for 60 min. For the exercise protocol, athletes performed an acute heavy
resistance exercise test consisting of 6 sets of 5 parallel squats at 90% of their previously
determined one-repetition maximum weight (1-RM) with a 3 min rest between each set [36].
Weight values from the 1-RM exercise are shown in Supplemental Table S1. A total of
6 measurement points per week for each participant (3 measurement points at rest and 3
for the exercise condition) to reflect changes in a standard 28-35-day cycle were collected.

Body composition, blood biochemistry (including ovarian hormones), creatine kinase,
and stiffness of the biceps femoris tendon were measured before (Pre), immediately after
(Post), and 24 h (Post 24 h) after both (RE and EX) conditions [37].

4.1. Measurements

Basal body temperature was measured orally using digital thermometers (CTEB503L,
Citizen Co, Ltd., Tokyo, Japan). A bioimpedance-based body composition analyzer (BC-
118E, Tanita Co., Ltd., Tokyo, Japan) was used to obtain anthropometric data consisting of
weight, body fat mass, percent body fat, and body water volume. As bioimpedance testing
depends on hydration status, participants were instructed to maintain hydration status be-
fore testing. Estradiol and progesterone were evaluated using a chemiluminescent enzyme
immunoassay system as described previously (PATHFAST, LSI Medience Co., Tokyo, Japan)
and CK levels were analyzed enzymatically by an independent laboratory (LSI Medience,
Ibaraki, Japan) according to the transferable method of the Japan Society of Chemistry
using serum samples. PATHFAST assay ranges were from 20-2000 pg/mL for estradiol
and 0.2-40 ng/mL for progesterone. Stiffness of the biceps femoris tendon in all athletes at
all timepoints was assessed by the same skilled athletic trainer using SOFTGRAM (Shinko
Denshi, Co., Ltd., Tokyo, Japan). SOFTGRAM was developed to non-invasively evalu-
ate tendon stiffness through spherical indentation and damped oscillation measurement
with a demonstrated variability of 5% or less according to previous reports [20,23,24]. All
equipment was operated according to the manufacturers’ instructions.

4.2. Statistical Analyses

All data are presented as means + SDs. We used Statistical Package for the Social
Sciences (SPSS) version 25.0 (IBM Inc., Armonk, NY, USA) and data were analyzed using
group X time repeated-measure two-way ANOVA with Bonferroni’s post hoc test (if
required). Mauchly’s test of sphericity was used to assess homogeneity of variance in the
design of the measurement and a Greenhouse—Geisser correction was used if Mauchly’s
test was significant. One-way ANOVA was used to analyze the significance in each group
(CYC, DYS) in the exercised group (EX) over the time points (Pre, Post, Post 24 h). It was
also used to compare each of the 3 weeks with respect to the same conditions/groups and a
Bonferroni post hoc test was conducted when a significant main effect was shown. p < 0.05
was considered statistically significant. Hormone and tendon stiffness data for each week,
condition, and group are summarized in Supplemental Table S2.

5. Conclusions

In conclusion, Japanese college athletes experiencing chronic menstrual delays may
suffer from increased serum creatine kinase and resultant stiffness after acute strength
training. Further studies in larger populations that mechanistically link chronically low sex
hormones and athletic parameters in Asian women are needed. A large database of stan-
dard values (muscle stiffness, additional muscle damage markers, etc.) in Asian women
would allow for more precise comparative studies with other ethnicities and we are cur-
rently planning larger studies to this effect. Our future studies will also check the effect of
low estrogen on maximum weight and strength increases in this understudied population.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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stiffness data for each week and group in Exercise condition.
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