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Abstract
Purpose Sex hormones have profound effects on the
nervous system in vitro and in vivo. The present study
examines the effect of the menstrual cycle on maximal isometric force (MVC) and tremor during an endurance task.
Methods Nine eumenorrheic females participated in five
study visits across their menstrual cycle. In each menstrual
phase, an MVC and an endurance task to failure were performed. Tremor across the endurance task was quantified
as the coefficient of variation in force and was assessed in
absolute time and relative percent time to task failure.
Results MVC decreases 23 % from ovulation to the mid
luteal phase of the menstrual cycle. In absolute time, the
mid luteal phase has the highest initial tremor, though the
early follicular phase has substantially higher tremor than
other phases after 150 s of task performance. In relative
time, the mid luteal phase has the highest level of tremor
throughout the endurance task.
Conclusions Both MVC and tremor during an endurance
task are modified by the menstrual cycle. Performance of
tasks and sports which require high force and steadiness to
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exhaustion may be decreased in the mid luteal phase compared to other menstrual phases.
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Γ-aminobutyric acid
MVC	Maximal voluntary contraction

Introduction
Adult fertility and reproductive function in females is
controlled by the hypothalamic–pituitary–gonadal axis,
resulting in large and predictable oscillations of estradiol
and progesterone (Fig. 1) across the menstrual cycle. Sex
steroid hormonal oscillations at the plasma level affect the
central nervous system since steroids can easily traverse the
blood–brain barrier due to their high lipid solubility (Stoffel-Wagner 2001). Estradiol binds to estrogen receptor α
(ERα) sites on γ-aminobutyric acid (GABA) releasing neurons resulting in decreased GABA transmission (Schultz
et al. 2009) and enhanced cerebellar neuron discharge during rodent locomotion (Smith et al. 1989). Therefore, it is
unsurprising that studies utilizing transcranial magnetic
stimulation have found increased corticospinal tract excitability during the late follicular phase compared to the
early follicular and mid luteal phases of the menstrual cycle
(Smith et al. 1999, 2002). There is an initial depression
in cortical excitability in the early follicular phase which
may be due to high GABA concentrations at the cortex
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Fig. 1  Theoretical pattern
of estradiol and progesterone
changes during the menstrual
cycle and the corresponding
menstrual phase

(Epperson et al. 2002; Harada et al. 2011). There is also
lower corticospinal tract excitability at the mid luteal phase
(Smith et al. 2002) which may be an effect of progesterone
metabolite potentiation of GABAA receptors (Callachan
et al. 1987).
While the aforementioned in vitro and transcranial magnetic stimulation studies indicate that estradiol and progesterone metabolites could have profound effects on motor
activity, the effect of the menstrual cycle on voluntary force
generation in vivo is equivocal. Sarwar et al. (1996) found
that both quadriceps and handgrip strength were elevated
around the ovulatory phase of the menstrual cycle; effects
which were attributed to increased estradiol levels. Phillips
et al. (1996) also reported increases in maximal voluntary
contraction (MVC) in the follicular phases with a precipitous drop after ovulation. The decrease in MVC in the
luteal phase may be due to the neuroinhibitory effects of
progesterone on the motor cortex and our group has already
demonstrated clear effects of the menstrual cycle phase on
both the motor (Tenan et al. 2013) and autonomic nervous systems (Tenan et al. 2014). Conversely, many studies have failed to find any systematic change in muscular
strength across the menstrual cycle (Dibrezzo et al. 1988;
Lebrun et al. 1995; Birch and Reilly 1999; Janse de Jonge
et al. 2001; Abt et al. 2007; Kubo et al. 2009; Montgomery and Shultz 2010). Additionally, Greeves et al. (1997)
also failed to find any effect of supraphysiologic levels of
estradiol on force production in women undergoing in vitro
fertilization. The differential results may be due, in part,
to diurnal variation in maximal force generation which is
depressed in the morning of the luteal phase but elevated in
the afternoon (Birch and Reilly 2002) or an over-reliance
on discrete hormonal data that is sampled 2–3 times over
the course of a study. The present study examines the holistic effects of the menstrual cycle on MVC by determining
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menstrual phase from daily monitoring of basal body temperature, a technique which has been previously shown to
produce menstrual effects on MVC (Phillips et al. 1996).
Gross athletic performance and motor tasks, such as
rowing, running and cycling, have been examined across
the menstrual cycle. In a rowing study, Vaiksaar et al.
(2011) showed no difference between the follicular and
luteal phases for either maximal power or VO2max. On the
contrary, Lebrun et al. (1995) suggest VO2max is elevated
in the follicular phase of runners, and Jurkowski et al.
(1981) showed that women have a greater time to exhaustion during cycling in the luteal phase. While gross athletic performance is important for a relatively small, specific segment of the population, the ability to maintain a
given level of force output without substantial levels of
tremor has applicability to athletes, soldiers and sedentary individuals hoping to perform activities of daily life.
While a few studies have examined the sex differences in
force steadiness (Yoon et al. 2014) and time to fatigue in
controlled tasks (Fulco et al. 1999; Hunter et al. 2004),
these aspects have not been assessed across the menstrual cycle. Given the variations in motor activity that
are known to occur across the menstrual cycle (Hampson
and Kimura 1988; Hampson 1990; Tenan et al. 2013),
the ability to maintain force without undesired levels of
tremor may be compromised.
Therefore, the purpose of the present study was to
examine the effect of the menstrual cycle on MVC, time
to fatigue and force tremor during a fatiguing contraction
of the knee extensors. We hypothesized that a decrease in
MVC would be observed after ovulation (Phillips et al.
1996), a result of previously reported decrease in corticospinal tract excitability (Smith et al. 2002), and that differential effects of time to fatigue and force tremor would
also be observed around this time point.
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Methods
Participants
Nine eumenorrheic females (24.7 ± 4.5 years) participated
in five study visits. The self-reported activity levels of the
participants were homogeneous and recreationally active.
The study visits were performed in the morning, and time
was standardized within each participant. All participants
were free from neurologic, endocrine and metabolic disorders and had no history of previous leg surgery, immobilizations, arthritis or other chronic injury to the dominant
leg. All participants had not used hormonal contraceptives
for at least 6 months prior to testing and reported a history
of clinically normal menstrual cycles. All participants gave
their informed consent in accordance with the Helsinki
Declaration and all experimental procedures were approved
by the University of Texas at Austin Institutional Review
Board.
Determination of menstrual cycle phase
Study visits were performed at five points in the menstrual
cycle corresponding to distinct menstrual phases: early
follicular, late follicular, ovulatory, mid luteal and late
luteal. The first data collection for each subject was randomized, resulting in a pseudo-counterbalanced design.
This design approach attempts to account for any effect
of time or training effect on the overall study analyses.
The ovulatory phase had one participant which started
data collection in this phase and all other phases had two
participants initiating data collection. Determining menstrual cycle phase via basal body temperature (BBT) in
the present cohort has been previously described (Tenan
et al. 2013, 2014).
Briefly, BBT was obtained via an oral thermometer (BD
Basal, Franklin Lakes, NJ) for each participant 1 month
prior to data collection. A biphasic BBT response is normal
and ovulation is operationally defined as the nadir prior to
the luteal phase temperature rise (de Mouzon et al. 1984).
If the BBT was poorly defined, a second BBT was obtained
from the following cycle before admission to data collection. If a clear biphasic response was not obtained after two
consecutive BBTs, the participant did not enter data collection. The menstrual cycle was divided into two distinct
major phases (follicular—pre-ovulation and luteal—postovulation) which were of variable length per subject [based
upon a 3-day ovulation period; (Prior et al. 1990)]. The
follicular and luteal phase were then each sub-divided into
equally spaced phases of early follicular, late follicular,
mid luteal and late luteal (Fig. 1 provides an example). The
data collection points (n = 5) were equally spaced within
the middle of each determined five phases we constructed
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within the menstrual cycle. The BBT was assessed and then
confirmed independently by two trained investigators. One
participant did not have their data analyzed during their last
study visit in the mid luteal phase because they exhibited
a short luteal defect; however, the data from that participant’s other trials were assessed because the late luteal trial
was collected in the preceding cycle. A second participant
was found to be anovulatory, defined by a lack of biphasic
response in the BBT, in their last study visit during the ovulatory phase; therefore, that participant only had four study
visits because their data collection started in the mid luteal
phase.
Experimental protocol
Participants were instructed to not perform strenuous physical activity 48 h prior to testing and avoid alcohol and caffeine 8 h prior to testing, there were no additional dietary or
exercise restrictions over the course of the study. No participants reported any subjective feelings of withdrawal from
alcohol or caffeine over the course of the study. Participants
were seated in an adjustable chair with the dominant hip
and knee flexed at 90°. The waist and dominant thigh were
immobilized with pads and straps. Participants then performed a light warm-up consisting of 12 dynamic submaximal knee extensions without resistance. After warm-up
completion, the dominant ankle was strapped to a restraint
with a strain gauge (Entran Sensors & Electronics, Fairfield, NJ) that was analog to digital converted (Micro 1401,
Cambridge Electronic Design, Cambridge, England) at
1000 Hz. The participant was instructed to perform a MVC
of the knee extensor muscles for 3 s. Auditory encouragement was given to the individual during the MVC, but they
had no auditory or visual feedback on performance during
the MVC. MVCs were performed until 3 MVCs of commensurate values were obtained. All MVCs were separated
by at least 60 s of rest. The MVCs were highly reproducible with an intraclass correlation of 0.991 (95 % confidence
interval: 0.986–0.995); therefore, the average of the three
MVCs for that trial is reported and was used for calculations in the isometric knee extension endurance protocol.
During the endurance task, the participant was situated
with a computer screen facing them with only their force
generation provided as visual feedback. The participant
was blinded to their absolute force level as well as the
time performing the endurance task. They were instructed
to trace a line on the screen that corresponded to 25 % of
MVC. Force steadiness was practiced until participants
were comfortable maintaining a constant force output. The
participant then performed a slow ramp up to 25 % MVC
and held that target force until instructed to terminate the
trial by the investigator. The trial was terminated by the
investigator when online force oscillations exceeded ±5 %
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MVC or the participant was unable to maintain target force
for 3 s.
Force primary data reduction
Offline analysis of force data from the endurance task was
performed in Matlab R2013a (Mathworks, Natick, MA,
USA). Analysis of the endurance task was initiated 2 s
after attaining target force. A 0.001 s non-overlapping sliding window algorithm determined when force was <80 %
of target force and this time point was termed task failure.
The offline algorithm renders a more conservative estimate
of task failure than employed during online data collection.
The use of the sliding window algorithm also limits investigator variability between trials and ensures data reproducibility. A second non-overlapping sliding window algorithm
(window length: 0.5 s) determined force coefficient of variation across the endurance task.
Statistical analysis
All statistical analyses were performed in SAS 9.3 (SAS
Institute, Cary, NC, USA) and graphics were created in R
(R Core Team 2014) using the ggplot2 (Wickham 2009),
dplyr (Wickham and Francois 2015) and car packages (Fox
and Weisberg 2011). MVC and time to task failure were
assessed via repeated-measures ANOVAs with post hoc
comparisons adjusted via the Tukey–Kramer method to
limit type 1 error inflation.
Force coefficient of variation data was found to be
highly skewed, resulting in regressions violating normality
of errors and constant variance. Force coefficient of variation was normal after a natural logarithm transform, resulting in valid regression analyses. Therefore, all regression
analyses on coefficient of variation data were performed on
transformed data; however, figures reflect model estimates
and confidence bands that have been exponentiated back to
original units to facilitate interpretation.
The force coefficient of variation was assessed in both
absolute time (s) and in relative time (percent of time to
task failure). Each of these were assessed with a multilevel
regression where each menstrual phase was nested within
the participant with an unstructured variance covariance
structure and the repeated measures taken during the endurance task were assumed to have a first-order autoregressive variance covariance structure. The use of a multilevel
model is generally a more conservative analytic method
compared to an ANOVA as it accounts for variance at multiple levels that may adversely affect hypothesis testing
the fixed effects of interest. Each regression was fit with
fixed effects for menstrual phase, time (relative or absolute, depending on model), time self-interaction (i.e., quadratic effect for time) and the interaction of menstrual phase
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Fig. 2  Mean MVC (±SE) for each menstrual phase. Asterisk (*)
indicates mid luteal phase is significantly lower (p < 0.05) than corresponding bracketed phase

and time. Trial MVC was allowed to co-vary, allowing for
extraction of time and menstrual phase effects on force
variation apart from changes in MVC across the menstrual
cycle.

Results
Maximal voluntary contraction and time to task failure
MVC changes across the menstrual cycle were significant
(p = 0.004). The MVC in the mid luteal phase is significantly lower than late follicular (p = 0.011), ovulatory
(p = 0.015), and late luteal phases (p = 0.004). There was
a clear trend towards significance when comparing the mid
luteal and early follicular phases (p = 0.061). The MVC
model estimates from the repeated-measures ANOVA are
in Fig. 2. There is, however, no effect of menstrual phase
on time to task failure (p = 0.300; Fig. 3).
Force variability during an endurance task
Menstrual phase, time (both linear and quadratic terms)
and the interaction of time and menstrual phase all significantly affect force coefficient of variation (p < 0.009) during an endurance task in absolute time. Visual inspection
of model estimates and 95 % confidence intervals (Fig. 4)
indicate that the mid luteal phase initially has higher force
variation but that the early follicular phase has a substantially greater increase in force variability when the task
exceeds 150 s.
Menstrual phase, the quadratic term for relative time
and the interaction of menstrual phase and time significantly (p < 0.001) affect force coefficient of variation in
relative time. Visual inspect of model estimates and 95 %
confidence intervals (Fig. 5) demonstrate that the mid luteal
phase has elevated force tremor compared to the other
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Fig. 3  Mean time to task failure (±SE) for each menstrual
phase

Fig. 4  Force tremor and 95 % confidence bands for each menstrual
phase across the endurance task in absolute time (s)

phases. After 25 % of time to fatigue, the late follicular and
late luteal phases have the lowest level of force variation.

Discussion
The aim of this study was to examine the effect of
menstrual cycle phase upon maximal voluntary force

Fig. 5  Force tremor and 95 % confidence bands for each menstrual
phase across the endurance task in relative time (percent time to
fatigue)

production, time to fatigue and force tremor during an
endurance task. Our findings show clinically substantial
decreases in maximal force generation of the knee extensors at the mid luteal phase. Tremor increases during an
endurance task; however, the interpretation of how the
menstrual cycle affects tremor depends on the method in
which it is assessed.
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Other studies have shown MVC changes across the
menstrual cycle (Phillips et al. 1996; Sarwar et al. 1996),
focusing on an apparent increase in MVC around ovulation. Sarwar et al. (1996) determined menstrual phase by
retrospectively estimating back to the first day of bleeding
and assuming that 14 days prior to menstruation was ovulation. While this strategy has an inherent level of variability in phase prediction, their data show a clear increase in
MVC up to mid cycle, comparable to our ovulatory phase.
They demonstrate a sharp decrease after mid cycle. This
data agrees with our results which also demonstrate a sharp
decrease at the mid luteal phase, resulting in forces statistically indistinguishable from early follicular. However, Sarwar et al. (1996) did report that MVC remains depressed
at late luteal, whereas our data show a return to baseline.
This different finding is possibly a result of timing in
data collection within the late luteal phase. Our late luteal
phase was collected within the last 3–4 days before menses
onset, around the time of corpus luteum degeneration and
progesterone fall (see Fig. 1). If progesterone is the MVC
depressing factor and Sarwar’s data was collected before
corpus luteum degeneration, it would explain why they
report continued MVC force depression at the late luteal
phase. Using methods similar to ours, Phillips et al. (1996)
determined menstrual phase prospectively via basal body
temperature mapping. In line with our data, they reported,
a 7.6 % decrease in MVC around ovulation. While Philips
et al. (1996) demonstrate MVC decreases after ovulation,
they note that the exact timing of this MVC decrease postovulation is unclear. Our study shows a clear time course
whereby MVC is lower when progesterone is at its theoretical peak, and MVC recovers as progesterone decreases
in the late luteal phase (Bulun and Adashi 2011). In the
present study, the observed decrease in MVC did not result
in a significant change in time to fatigue, though a visual
assessment of the data does suggest a small link between
decreases in MVC and increase in time to fatigue when the
endurance task’s force is relative to the MVC. This apparent link is consistent with the previously reported exponential relationship between MVC and time to fatigue (Hunter
et al. 2004).
There is also a sizable body of literature which suggests
that there is no change in force generation ability across
the menstrual cycle (Dibrezzo et al. 1988; Lebrun et al.
1995; Birch and Reilly 1999; Janse de Jonge et al. 2001;
Abt et al. 2007; Kubo et al. 2009; Montgomery and Shultz
2010). Such a great wealth of data opposing the findings of
the present study cannot be ignored. Indeed, the diversity
of results in response to a remarkably simple research question suggests that non-reproductive effects of sex hormones
are poorly understood. The disagreement in the literature
may be based on diurnal oscillations of hormones within
the menstrual cycle (Birch and Reilly 2002), abnormal
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menstrual cycles assumed to present normally (Hoffman
et al. 2008), the complicated interactions between hormones and their tissue receptors (Burris et al. 2013) or
some other yet unrecognized variables. Studies using the
BBT method appear to have a greater propensity for showing changes across the menstrual cycle (Lebrun et al. 1995;
Phillips et al. 1996), which suggests a daily measurement
that considers the menstrual cycle as a holistic process may
be the best route of characterizing menstrual cycle effects.
The appropriate application of the tremor data in the
present study depend on the given task. For tasks which are
performed to task failure, such as a weightlifting, the relative time to fatigue is the most appropriate metric. In this
instance, tremor is always highest in the mid luteal phase
and lowest in the late luteal and late follicular phases. When
considered in concert with the MVC data, performance
in the mid luteal phase may be decreased for tasks which
require both high levels of strength and steadiness. However, the majority of sport and occupational performance
does not require constant force generation for greater than
100 s without rest. In these instances, absolute time is the
appropriate way to view the present data. The absolute time
data indicate that an elevated level of tremor occurs in the
mid luteal phase within the first 100 s of force generation;
whereas, all other phases have similar levels of tremor.
The small difference in tremor between the phases should
be negligible in all but the finest motor tasks such as handwriting, sewing, baiting a fishing hook, archery or sharpshooting. To the knowledge of the authors, none of these
tasks have been assessed across the menstrual cycle. The
tremor data in the present study should not be compared
with males since previous studies have indicated females
matched for MVC with males have a similar time to fatigue
(Hunter et al. 2004) and that brain areas controlling tremor
are not different between the sexes (Yoon et al. 2014).
The timing of both MVC and tremor changes, occurring in the mid luteal phase, suggest a mediating action
of progesterone. A simple hypothesis whereby decreased
corticospinal tract excitability (Herzog et al. 2001; Smith
et al. 2002) due to the neuroinhibitory effects of progesterone’s first-order metabolite (Callachan et al. 1987),
pregnanolone, could be proposed. This hypothesis would
explain the decrease in MVC due to an inability to maximally discharge all lower motor neurons innervating the
quadriceps. The decreased corticospinal tract excitability
would also explain the increased tremor due to increased
motor unit synchronization from greater levels of spatial
summation versus temporal summation at the lower motor
neuron. While this hypothesis “fits” with the current study,
it over-extrapolates from the present findings and ignores
existing literature which do not consistently show motor
changes in the luteal phase (Dibrezzo et al. 1988; Lebrun
et al. 1995; Birch and Reilly 1999; Janse de Jonge et al.
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2001; Abt et al. 2007; Kubo et al. 2009; Montgomery and
Shultz 2010). Thus, there is a clear need for a cohesive program of research which examines voluntary and involuntary muscle activity and muscle mechanics during natural
hormonal menstrual cycles (e.g., eumenorrheic menstrual
cycle), naturally perturbed menstrual cycles (e.g., amenorrhea, oligomenorrhea, etc.) and chemically perturbed
menstrual cycles (e.g., oral contraceptive, GnRH agonist
with supplementation of sex hormones, etc.) in otherwise
healthy women. Additional, subject-level variability may
be accounted for by examining other aspects such as age,
training status or tissue receptors for sex hormones and
other genotypic information that is not evident from studies
examining purely behavioral outcomes.

Conclusions
The summation of the present study suggests that, with the
exception of the mid luteal phase, isometric muscular performance is stable across the menstrual cycle. Performance
in the mid luteal phase may be subject to decreases in maximal force and increased force tremor. However, this is the
first study to examine tremor across the menstrual cycle and
there is considerable dissent within the scientific community regarding changes in maximal force. Future research
should focus on why seemingly well-controlled studies
examining non-reproductive effects of the menstrual cycle
can have substantially differing results. Novel biomarkers such as sex hormone binding globulin or sex hormone
metabolites should be investigated; it may be appropriate to
consider menstrual cycle variations to be a product of more
than simply changes in estradiol and progesterone.
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