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[t is time to take on the challenge of investigating the complex effect of fluctuating female
hormones on injury risk as this offers a chance to improve female athletes’ health and
performance. During the recent decade, the body of knowledge on female hormones and
injury risk has largely been increased. New insights have been offered regarding the
association of certain phases of the menstrual cycle and injury prevalence as well as
regarding relationships between hormone levels and musculoskeletal changes such as,
for example, ligamentous stiffness and knee laxity. However, current research often follows
the theme of a causal relationship between estrogen levels and musculoskeletal function
or injury and thus—one might argue—further enhances a rather simplistic approach,
instead of uncovering complex relationships which could help in establishing more nuanced
ways of preventing female injuries. To uncover real effects and to truly understand the
physiological responses, we suggest to reflect on potential bias regarding research
questions and current approaches. It may enhance future studies to apply a more nuanced
approach to causation, to include multidimensional perspectives and to implement an
interdisciplinary methodology.

Keywords: estrogen, menstrual cycle, gender bias, injuries, women, sport, exercise, ligament

INTRODUCTION

It is well accepted that females are currently less represented as research subjects in exercise
physiology studies (Costello et al., 2014). Most probably, reasons for this imbalance are, that
fluctuating female hormones are thought to generate less-controlled experimental conditions
and to increase variation thereby reducing statistical power and making studies more complex
and expensive (Uhl et al, 2007). As a result, specific knowledge on women’s response to
exercise is limited, hindering our understanding of female exercise physiology. This imbalance
in research does not hold true for all fields of exercise physiology studies. Changes in bone
health as a result of hormonal and metabolic changes due to insufficient energy intake and/
or excessive exercise energy expenditure, known as the female athlete triad, have predominantly
been investigated in women. Today, it is accepted that detrimental effects of energy deficiency,
respectively, the relative energy deficiency syndrome are not limited to exercising girls and
women and but are also occurring in men (de Souza et al, 2021). However, the overall
imbalance in research cannot be neglected, which also raises ethically relevant questions about
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whether women receive lesser chances of performance progression
and about whether women are subjected to a higher risk of
injury compared to men due to a limitation of specific knowledge.
Indeed, it has been shown for injuries sustained in car accidents,
that protective concepts, which have been based on the
biomechanical behavior of male bodies only, critically impact
the safety of women in everyday life (Linder and Svedberg, 2019).

Consequently, it can be argued that the specific relevance
of studies about female exercise physiology which consider
hormonal fluctuations lies within their potential of providing
applied knowledge on how to prevent injuries and improve
performance in exercising women. In light of this starting
point, this article sheds light on the progress made in female
exercise physiology, namely on how research and researchers
deal with the menstrual cycle and injury risk and it furthermore
identifies and discusses current and future challenges in this
field of research. We will particularly focus on ACL injuries,
using this type of injury as an example to demonstrate the
specific achievements and challenges associated with menstrual
cycle-related research in exercising women. In a first step,
we will review current studies on this topic by portraying
their research questions, results, and explanatory approaches.
As a result, we will show that the body of knowledge about
the menstrual cycle and injury risk has risen significantly.
However, some challenges, which we will critically reflect and
discuss in the second part of this paper, remain to
be acknowledged and addressed. Secondly, as a result, we will
unfold the thesis that we—as researchers—might not always
be as objective as we often assume to be and that we furthermore
tend to simplify the complex relationship between the menstrual
cycle and injury risk. Having identified and discussed these
shortcomings, we will consequently outline perspectives and
strategies for future research in the conclusion of this article.

STATE OF RESEARCH

Female Hormones and Injury Risk
Exercise-associated injuries are accompanied by a variety of
side effects. Besides generating costs for the healthcare system,
they may affect the injured athletes’ quality of life or their
athletic careers (Palmer et al,, 2021). This insight often leads
sport scientists to the value-driven desire of developing strategies
that reduce the prevalence of those injuries. In this context,
one approach is to identify risk factors for specific injuries,
which then could be addressed with corresponding interventions.
Some of the injuries frequently occurring during exercise
activity are more prevalent in women than in men (Waldén
et al, 2011; Lovalekar et al., 2020), leading some to suggest
that female sex itself is a risk factor. As physiological differences
between men and women are to a great extent a result of a
differing hormonal profile, it suggests itself to take a closer
look at the effect of female sex hormones. It has long been
known and frequently been reported for female athletes, that
permanently low levels of female sex hormones, accompanied
by menstrual cycle perturbations such as amenorrhea, are
detrimental for bone health and increase the risk for stress

fractures (Olson, 1989). The incidence of menstrual cycle
disturbances is thereby substantially higher in athletes than in
the general population, particularly in aesthetic and weight-
bearing sports (Redman and Loucks, 2005).

In eumenorrheic exercising women, the blood plasma
concentration of female sex hormones naturally fluctuates during
the menstrual cycle (Pirke et al., 1990). Thus, one line of
research about the effect of female sex hormones focuses on
the correlation between the menstrual cycle phase and injury
risk, trying to establish if hormone level fluctuations lead to
corresponding fluctuations in injury risk (Martin et al., 2021).
Indeed, if we look at ruptures of the anterior cruciate ligament
(ACL), not only will we observe, that ACL ruptures are much
more prevalent in women than in men (Myklebust et al., 1998;
Waldén et al., 2011), but also that they are associated with
certain phases of the menstrual cycle (Myklebust et al., 1998;
Wojtys et al., 2002; Ruedl et al., 2009; Lefevre et al., 2013).

Menstrual Cycle and ACL Ruptures

Due to the striking difference in sex-related injury prevalence,
with a 2-3-fold elevated relative injury risk in women compared
to men (Waldén et al, 2011), the ACL rupture may be the
best investigated of all sex associated sport injuries. In addition,
it can be argued that the high medical burden of ACL injuries
makes it all the more urgent to develop strategies, respectively,
recommendations that can effectively reduce injury prevalence
specifically in women. Thus, many studies have investigated
if the occurrence of ACL ruptures is related to the hormonal
profile and hence differs between the follicular, the ovulatory
and the luteal phase of the menstrual cycle. Several reviews
and meta-analyses, surveying five (Herzberg et al., 2017), seven
(Hewett et al., 2007), and nine (Somerson et al., 2019) studies,
have since concluded that there is a decreased relative risk of
an ACL tear in the luteal phase, respectively, that female athletes
are more predisposed to ACL ruptures during the preovulatory
phase of the menstrual cycle. The finding, that there is an
association of ACL ruptures with the preovulatory phase, as
detected in a study describing the prevalence of ACL ruptures
along the menstrual cycle during skiing, may only allow for
rather general recommendations such as “Female skiers should
take special care during this period” (Lefevre et al, 2013).
One might ask if this actually is a realistic point of action,
suited to reduce injuries. To allow for more precise recommen-
dations, which are derived from addressing the reasons (and
not the outcomes) for variations in injury prevalence, we need
to uncover the mechanisms behind the association of menstrual
cycle phase and injury prevalence.

Hormonal Fluctuations, Ligamentous
Properties, and Knee Laxity

The most popular explanation for the statistical correlation
between preovulatory phase and injury peak is to directly link
high estrogen levels to a mechanical weakness of ligaments,
which would then—in turn—increase the likelihood for ACL
injuries (Figure 1). It has been assumed, that female hormones,
and in particular estrogen, make female ligaments susceptible
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FIGURE 1 | Simplified model of known (solid grey arrows) or suggested (oroken grey arrows) relationships between steroid hormones, fluctuating during the
menstrual cycle, and their effects on the musculoskeletal and neurophysiological system, assumed to be related to injury risk. Upwards pointing arrows within the
boxes symbolize an increase while downwards pointing arrows within the boxes symbolize a decrease. Black arrows connecting progesterone, testosterone, and
estrogen symbolize the biosynthetic pathway of steroid hormones.

for injury by directly affecting ligamentous metabolism (Wojtys
et al, 2002; Chidi-Ogbolu and Baar, 2018). It has also been
suggested, that the ligamentous response to estrogen may
be related to an evolutionary adaptation as decreased connective
tissue stiffness and laxer joints would facilitate healthy childbirth
(Chidi-Ogbolu and Baar, 2018). However, when taking a closer
look at this assumed causal relationship between high estrogen
levels and weak, more compliant or less stress-resistant ligaments,
recent study results raise the question whether this causal
explanation is too naive. One might argue, that when pregnancy
actually occurs and estrogen levels are much higher, an
evolutionary advantageous decrease in connective tissue stiffness
must be much more pronounced. However, there is no evidence
to support this. In contrast, stiffness of the ligamentum patellae
does not change during pregnancy and it neither differs between

pregnant women and non-pregnant controls (Bey et al.,, 2019).
Similarly, no difference in biomechanical properties of the
ligamentum patellae, fibril characteristics, or collagen cross-
linking was observed between the different phases of the
menstrual cycle or between women using oral contraceptives
and those who did not (Hansen et al, 2013). While these
results do not necessarily or finally falsify the assumption about
the causal relationship between estrogen levels and ligamentous
stiffness, they at least raise serious concerns about its effect size.

The assumption, that female hormones make ligaments
susceptible for injury, leads us to a second causal relationship,
which has often been proposed and which links high estrogen
levels to increased knee laxity, which would then—in turn—
increase the likelihood for ACL injuries (Figure 1). The concept,
that ligamentous stiffness of knee joint structures decreases
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with rising estrogen levels, is related to the observation of
increased knee joint laxity when estrogen levels are high during
the menstrual cycle (Heitz et al., 1999) and during pregnancy
(Schauberger et al.,, 1996). As knee joint laxity is thought to
increase injury risk, several studies have been conducted to
investigate the relationship of knee laxity, injury risk, and the
menstrual cycle. Two meta-analyses reviewing 9 (Zazulak et al.,
2006) and 19 studies (Somerson et al, 2019) have since
concluded, that knee laxity indeed varies within the menstrual
cycle, with the highest laxity occurring during ovulation, followed
by the luteal phase and the lowest laxity occurring in the
follicular phase. However, both meta-analyses also concluded,
that periods of increased laxity were not associated with an
increased prevalence of ACL ruptures (Zazulak et al., 2006;
Somerson et al., 2019), suggesting that there is no direct link
between hormonal effects on ACL injuries and hormonal effects
on knee laxity. It may further be questioned if transient
non-pathological changes in healthy women’s knee laxity have
a pronounced effect on injury risk, as a 3-year prospective
cohort study with young female athletes could not detect a
difference in knee laxity between those who subsequently teared
their ACL and those who did not (Nakase et al., 2020). It
also has to be considered, that tibial translation, commonly
described as knee joint laxity, is no direct measure of the
ACLs mechanical properties. While tibial translation has been
found to inversely correlate with ultimate failure strength of
ACL grafts in animal studies (Beynnon et al, 1994), other
variables than ligamentous stiffness may also contribute to knee
stability. Knee laxity might change without a change in
ligamentous stiffness as an animal study with pregnant rabbits
suggests (Hart et al., 2000). There, pregnancy was associated
with increased laxity while it had no effect on the structural
(stiffness and failure load), material (stress at failure and Young’s
modulus), or viscoelastic (cyclic and static relaxation) properties
of the medial collateral ligament (Hart et al., 2000).

Menstrual Cycle and Postural Stability

While hormonal-induced increases in knee laxity may not
directly be related to ligamentous stiffness and may not directly
affect injury risk, they could have an indirect effect by impairing
postural control (Figure 1). However, there is no consensus
as to if and when postural control is impaired during the
menstrual cycle, as studies found both improved (Emami et al.,
2019) and impaired (Lee et al, 2017) postural control at
ovulation or no change in postural control during the menstrual
cycle at all (Legerlotz et al.,, 2018). One explanation for those
varying results may be, that pronounced hormonally induced
impairments in postural control only occur in a specific
subpopulation of women: those who suffer from premenstrual
symptoms (Fridén et al., 2003, 2005). These women showed
increased postural sway in the luteal phase, when symptoms
like discomfort and pain were particularly prevalent, while
sway values stayed stable throughout the menstrual cycle in
women without symptoms (Fridén et al., 2005). That postural
stability in women with premenstrual symptoms is generally
reduced compared to women without symptoms may be related
to changes in kinesthesia, as women with premenstrual symptoms

also displayed a greater threshold for detection of passive
movement in the knee (Fridén et al., 2003).

Menstrual Cycle and Cognitive Functioning
Hormonal changes during the menstrual cycle can not only
affect physical and functional variables, such as knee laxity,
postural control or kinesthesia, which are related to movement
control. They can also affect the main instance of movement
control itself, our brain. Sex hormones may have a far-reaching
impact on brain function, with both behavioral consequences
as well as changes in neuropsychological processing (Hornung
et al.,, 2020). It has been suggested that healthy women show
small fluctuations in cognitive performance across the menstrual
cycle, with low-performance scores in the luteal phase for
visuospatial and motor skills, attention and concentration, verbal
memory, visual memory, working memory, and reaction time
(Souza et al., 2012). However, associations between prefrontal
cognitive functioning and hormone levels across the female
menstrual cycle detected in one cycle can not necessarily
be replicated when analyzing a second cycle, suggesting the
occurrence of false-positive findings attributable to random
variation particularly in small samples (Leeners et al., 2017).
Sex differences in visuospatial abilities have long been reported,
with men usually performing better in the Mental Rotations
Test, and women with low estrogen levels performing as strongly
as males (Peragine et al, 2020). In contrast, a recent study
with a large sample size of 528 women found no effect of
estrogen on mental rotation performance, while high levels of
progesterone, characteristic of the luteal phase, were instead
associated with small performance increases (Shirazi et al.,
2021). In general, the observed effects are small and not
consistent and should thus be treated with caution.

Menstrual Cycle and Behavior

Hormone-associated changes in brain function may also change
women’s behavior during the menstrual cycle, which could as
well have an impact on injury prevalence. The motivation to
train and the motivation to compete have both been shown
to be elevated around ovulation (Cook et al, 2018). It may
be speculated, that increased motivation potentially changes
the characteristics of movement, such as movement intensity,
thereby affecting the risk of injury (Figure 1). In addition,
behavioral experiments have indicated that risk-taking behavior
also changes along the menstrual cycle, with women being
willing to take higher risks around ovulation (Cook and
Crewther, 2019). It seems likely, that increased risk-taking
behavior may positively affect performance and competition
outcome while at the same time increasing the risk of injury.

DISCUSSION

We acknowledge the great efforts that have been made to
uncover relationships between female hormones, musculoskeletal
properties, neurophysiological changes and injury risk, the fact
that the body of knowledge has largely been increased, and
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new insights have been offered. However, when taking a closer
look at this particular field of research several questions remain
to be unanswered, several contradictions yet to be solved,
several correlations yet to be explained. Research often follows
the theme of a causal relationship between estrogen levels and
musculoskeletal function or injury and thus—one might argue—
further enhances a rather simplistic approach, instead of
uncovering complex relationships which could help in establishing
more nuanced ways of preventing female injuries. With this
specific evaluation of the state of research in mind, we will
discuss possible reasons for these shortcomings and identify
three themes, respectively, approaches that require some
further elaboration:

1. Deficit-oriented approach: The effects of female sex hormones
appear to be seen and valued in light of weakening the
women’s body, with females being—be it consciously or
unconsciously—viewed as less functioning, weaker or less
well-adapted men. In the context of the menstrual cycle
research often appears to start with the underlying—yet
often implicit—assumption that female hormones, the
menstrual cycle or the menstrual bleeding are seen as
something avoidable, as something “special” or as something
undesirable. As a consequence, it is assumed that female
hormones or the menstrual cycle are responsible for higher
rates of specific injuries or reduced performance. This deficit-
and problem-oriented approach is mirrored in the underlying
assumptions that often initiate research and is reflected by
the mechanistic approach that has been applied to link
female sex hormones such as estrogen to mechanical or
functional weakness (Chidi-Ogbolu and Baar, 2018),
interpreting physiological changes observed during the
menstrual cycle as negative, and associating those changes
with an increased risk of injury. Research that focuses on
possible, positively associated or protective effects of female
hormones appears to be rare.

2. Oversimplification: Although the literature strongly suggests
that there is an association of ACL ruptures with the
preovulatory phase, this by itself does not explain, why the
injury prevalence varies between phases, but it rather begs
the question “why” It is crucial to not fall into the trap
of mistaking a correlation for a causation, of overseeing
the possibility that statistical effects can also be caused by
a third variable, only hold true for some subgroups, or that
further variables could be way more relevant than the one
regarded in one’s own statistical model. Thus, to uncover
the mechanism behind peaks in injury incidence during
the menstrual cycle it is important to understand, that it
is not exclusively the estrogen level that varies with different
phases of the menstrual cycle. Other variables, such as, for
example, the testosterone level similarly vary with different
phases of the menstrual cycle (Cook et al., 2018; Cook and
Crewther, 2019). Further physiological, biomechanical,
functional, but also psychological and behavioral variables
need to be considered in interdisciplinary studies to uncover
the complex relationship of injury risk in female exercise.
In addition, it may be too simplistic to view women as

one homogenous group, particularly in relation to hormonal
variation. Hormone levels can vary greatly between female
elite and non-elite athletes (Cook et al., 2018), and different
subpopulations of women, for example, those suffering from
premenstrual symptoms, may adapt or react differently
(Fridén et al., 2003, 2005).

3. Researcher bias: We argue that current research approaches
aiming to investigate the relationship of female hormones
and musculoskeletal adaptation or injury risk indicate that
we—as researchers—might not be as objective as we often
claim to be. Besides from being researchers, academics or
sport scientists we always also are and always will be members
of societies in which we have been socialized and through
which we have incorporated a specific set of norms and
values that also imply gender-related issues. Methodological
choices and criteria for evidential support may not involve
value commitments—even though this too is a rather
controversially discussed topic within science theory (Lacey,
2018). However, it has long been discussed and approved
that whichever research question we claim is to be more
relevant than another and whichever reasons we find for
this relevance is a value-based decision that is likely to
be correlated to our position in society (Homans, 1976;
McMullin, 1982; Lacey, 2018). Furthermore, and knowing
that our views on society and on specific topics as well as
our experiences are also—yet not exclusively—shaped by
the gender we identify with or that is ascribed to us, leads
us to ask whether the deficit- and problem-oriented approach
to female physiology might also be a result of a male-
dominated research field.

CONCLUSION: ACCEPTING THE
CHALLENGE

Shifting the focus from the status quo and its evaluation
to perspectives for research, one could argue that studying
and understanding the complex effects of the menstrual
cycle on injury and performance remains a task yet to
be fulfilled, yet also a task that can build on the achievements
of prior research in this field. Following our line of
argumentation leads us to the following, more nuanced
recommendations:

o Self-reflection on potential bias and a more nuanced approach
to causation can be seen as crucial points of action for future
research. Raising research questions that help to uncover the
supposedly multiple factors that contribute to injury risks
and that lead researchers to also include positively associated
or protective effects of female hormones in their studies,
implementing approaches that acknowledge the great
differences within the group of women and a more careful
interpretation of results can be regarded as relevant tasks for
future research.

o Multidimensional and interdisciplinary research is strongly
needed. To uncover real causal effects and to truly understand
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the direction of hormonal effects as well as the meaning and
the significance of these effects, requires to put them into
perspective. Interdisciplinary research that simultaneously—
and not separately—considers multiple factors can help to
achieve this. For example, postural stability variations during
the menstrual cycle can be affected by a variety of variables
such as neurophysiological or visuospatial abilities,
psychological state (anxiety) and tissue mechanical
properties, which all need to be considered within the
same study.

« Accounting on sex and gender, not only regarding research
subjects as the European Commission has recently requested
(Nature Editorial, 2020), but also regarding the group
conducting the research, makes for better science. Following
the argument, that approaching the research field and defining
the research questions is at least partly dependent upon our
experiences in and our views on society leads us to assume
that future research could benefit from diversly composed
research groups and particularly the inclusion and promotion
of women in this research.

REFERENCES

Bey, M. E., Marzilger, R, Hinkson, L., Arampatzis, A., and Legerlotz, K. (2019).
Patellar tendon stiffness is not reduced During pregnancy. Front. Physiol.
10:334. doi: 10.3389/fphys.2019.00334

Beynnon, B. D., Johnson, R. J., Toyama, H., Renstrém, P. A,, Arms, S. W,
and Fischer, R. A. (1994). The relationship between anterior-posterior knee
laxity and the structural properties of the patellar tendon graft. A study
in canines. Am. J. Sports Med. 22, 812-820. doi: 10.1177/036354659402200613

Chidi-Ogbolu, N., and Baar, K. (2018). Effect of Estrogen on musculoskeletal
performance and injury Physiol.  9:1834. doi: 10.3389/
fphys.2018.01834

Cook, C. ], and Crewther, B. T. (2019). Within- and between-person variation
in morning testosterone is associated with economic risk-related decisions
in athletic women across the menstrual cycle. Horm. Behav. 112, 77-80.
doi: 10.1016/j.yhbeh.2019.04.007

Cook, C. ], Kilduff, L. P, and B.T., (2018). Crewther, basal and stress-induced
salivary testosterone variation across the menstrual cycle and linkage to
motivation and muscle power. Scand. ]. Med. Sci. Sports 28, 1345-1353.
doi: 10.1111/sms.13041

Costello, J. T., Bieuzen, E, and Bleakley, C. M. (2014). Where are all the
female participants in sports and exercise medicine research? Eur. J. Sport
Sci. 14, 847-851. doi: 10.1080/17461391.2014.911354

de Souza, M. J., Strock, N. C. A., Ricker, E. A., Koltun, K. J., Barrack, M.,
Joy, E., et al. (2021). The path towards progress: a critical review to advance
the science of the female and male athlete triad and relative energy deficiency
in sport. Sports Med. 52, 13-23. doi: 10.1007/540279-021-01568-w

Emami, E, Kordi Yoosefinejad, A., and Motealleh, A. (2019). Comparison of
static and dynamic balance during early follicular and ovulation phases in
healthy women, using simple, clinical tests: a cross sectional study. Gynecol.
Endocrinol. 35, 257-260. doi: 10.1080/09513590.2018.1519788

Fridén, C., Hirschberg, A. L., Saartok, T., Backstrom, T., Leanderson, J., and
Renstrom, P. (2003). The influence of premenstrual symptoms on postural
balance and kinesthesia during the menstrual cycle. Gynecol. Endocrinol.
17, 433-440. doi: 10.1080/09513590312331290358

Fridén, C., Ramsey, D. K., Backstrém, T., Benoit, D. L., Saartok, T., and Lindén
Hirschberg, A. (2005). Altered postural control during the luteal phase in
women with premenstrual symptoms. Neuroendocrinology 81, 150-157. doi:
10.1159/000086592

risk.  Front.

DATA AVAILABILITY STATEMENT

The original contributions presented are included in the
article, and further inquiries can be directed to the
corresponding author.

AUTHOR CONTRIBUTIONS

KL and TN interpreted the literature and drafted the manuscript.
All authors approved the final version of the manuscript and
agreed to be accountable for the content of the work.

FUNDING

The publication of this article was funded by Humboldt-
Universitdt zu Berlin. The funder had no role in study design,
data collection, analysis, decision to publish, or manuscript
preparation.

Hansen, M., Couppe, C., Hansen, C. S. E., Skovgaard, D., Kovanen, V.,
Larsen, J. O., et al. (2013). Impact of oral contraceptive use and menstrual
phases on patellar tendon morphology, biochemical composition, and
biomechanical properties in female athletes. J. Appl. Physiol. 114, 998-1008.
doi: 10.1152/japplphysiol.01255.2012

Hart, D. A., Reno, C., Frank, C. B, and Shrive, N. G. (2000). Pregnancy
affects cellular activity, but not tissue mechanical properties, in the healing
rabbit medial collateral ligament. . Orthop. Res. 18, 462-471. doi: 10.1002/
jor.1100180320

Heitz, N. A., Eisenman, P. A., Beck, C. L., and Walker, J. A. (1999). Hormonal
changes throughout the menstrual cycle and increased anterior cruciate
ligament laxity in females. J. Athl. Train. 34, 144-149.

Herzberg, S. D., Motwapuaka, M. L., Lambert, W,, Fu, R., Brady, J., and
Guise, J. M. (2017). The effect of menstrual cycle and contraceptives on
ACL injuries and laxity: a systematic review and meta-analysis. Orthop.
J. Sports Med. 5:2325967117718781, 232596711771878. doi: 10.1177/
2325967117718781

Hewett, T. E., Zazulak, B. T., and Myer, G. D. (2007). Effects of the menstrual
cycle on anterior cruciate ligament injury risk: a systematic review. Am. J.
Sports Med. 35, 659-668. doi: 10.1177/0363546506295699

Homans, C. (1976). What kind of myth is the myth of a value-free social
science? Soc. Sci. Q. 58, 530-541.

Hornung, J., Lewis, C. A., and Derntl, B. (2020). Sex hormones and human
brain function. Handb. Clin. Neurol. 175, 195-207. doi: 10.1016/
B978-0-444-64123-6.00014-X

Lacey, H. (2018). Roles for values in scientific activities. Axiomathes 28, 603-618.
doi: 10.1007/s10516-018-9386-2

Lee, B. ], Cho, K. H., and Lee, W. H. (2017). The effects of the menstrual
cycle on the static balance in healthy young women. J. Phys. Ther. Sci. 29,
1964-1966. doi: 10.1589/jpts.29.1964

Leeners, B., Kruger, T. H. C., Geraedts, K., Tronci, E., Mancini, T, Ille, E,
et al. (2017). Lack of associations between female hormone levels and
visuospatial working memory, divided attention and cognitive bias across
two consecutive menstrual cycles. Front. Behav. Neurosci. 11:120. doi: 10.3389/
fnbeh.2017.00120

Lefevre, N., Bohu, Y., Klouche, S., Lecocqg, J., and Herman, S. (2013). Anterior
cruciate ligament tear during the menstrual cycle in female recreational
skiers. Orthop. Traumatol. Surg. Res. 99, 571-575. doi: 10.1016/j.0tsr.2013.02.005

Legerlotz, K., Bey, M. E., Gétz, S., and Bohlke, N. (2018). Constant performance
in balance and proprioception tests across the menstrual cycle - a pilot

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 827726


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3389/fphys.2019.00334
https://doi.org/10.1177/036354659402200613
https://doi.org/10.3389/fphys.2018.01834
https://doi.org/10.3389/fphys.2018.01834
https://doi.org/10.1016/j.yhbeh.2019.04.007
https://doi.org/10.1111/sms.13041
https://doi.org/10.1080/17461391.2014.911354
https://doi.org/10.1007/s40279-021-01568-w
https://doi.org/10.1080/09513590.2018.1519788
https://doi.org/10.1080/09513590312331290358
https://doi.org/10.1159/000086592
https://doi.org/10.1152/japplphysiol.01255.2012
https://doi.org/10.1002/jor.1100180320
https://doi.org/10.1002/jor.1100180320
https://doi.org/10.1177/2325967117718781
https://doi.org/10.1177/2325967117718781
https://doi.org/10.1177/0363546506295699
https://doi.org/10.1016/B978-0-444-64123-6.00014-X
https://doi.org/10.1016/B978-0-444-64123-6.00014-X
https://doi.org/10.1007/s10516-018-9386-2
https://doi.org/10.1589/jpts.29.1964
https://doi.org/10.3389/fnbeh.2017.00120
https://doi.org/10.3389/fnbeh.2017.00120
https://doi.org/10.1016/j.otsr.2013.02.005

Legerlotz and Nobis

Female Hormones and Injury Risk

study in well trained female ice hockey players on hormonal contraception.
Health Sci. Rep. 1:e18. doi: 10.1002/hsr2.18

Linder, A., and Svedberg, W. (2019). Review of average sized male and female
occupant models in European regulatory safety assessment tests and European
laws: gaps and bridging suggestions. Accid. Anal. Prev. 127, 156-162. doi:
10.1016/j.aap.2019.02.030

Lovalekar, M., Keenan, K. A, Beals, K., Nindl, B. C., Pihoker, A. A., Coleman, L. C,,
et al. (2020). Incidence and pattern of musculoskeletal injuries among women
and men during marine corps training in sex-integrated units. J. Sci. Med.
Sport 23, 932-936. doi: 10.1016/j.jsams.2020.03.016

Martin, D., Timmins, K., Cowie, C., Alty, J., Mehta, R., Tang, A., et al. (2021).
Injury incidence across the menstrual cycle in international footballers. Front.
Sports Act. Living 3:616999. doi: 10.3389/fspor.2021.616999

McMullin, E. (1982). “Values in Science” in Proceedings of the Biennial Meeting
of the Philosophy of Science Association. Vol. 1982. (Springer: University of
Chicago Press), 3-28.

Myklebust, G., Maehlum, S., Holm, I, and Bahr, R. (1998). A prospective cohort
study of anterior cruciate ligament injuries in elite Norwegian team handball.
Scand. ]. Med. Sci. Sports 8, 149-153. doi: 10.1111/j.1600-0838.1998.tb00185.x

Nakase, J., Kitaoka, K., Shima, Y., Oshima, T., Sakurai, G., and Tsuchiya, H.
(2020). Risk factors for noncontact anterior cruciate ligament injury in
female high school basketball and handball players: a prospective 3-year
cohort study. Asia-Pac. J. Sports Med. Arthrosc. Rehabil. Technol. 22, 34-38.
doi: 10.1016/j.asmart.2020.06.002

Nature Editorial (2020). Accounting for sex and gender makes for better science.
Nature 588:196. doi: 10.1038/d41586-020-03459-y

Olson, B. R. (1989). Exercise-induced amenorrhea. Am. Fam. Physician 39, 213-221

Palmer, D., Cooper, D. J., Emery, C., Batt, M. E., Engebretsen, L., Scammell, B. E.,
et al. (2021). Self-reported sports injuries and later-life health status in
3357 retired Olympians from 131 countries: a cross-sectional survey among
those competing in the games between London 1948 and PyeongChang
2018. Br. J. Sports Med. 55, 46-53. doi: 10.1136/bjsports-2019-101772

Peragine, D., Simeon-Spezzaferro, C., Brown, A., Gervais, N. J., Hampson, E.,
and Einstein, G. (2020). Sex difference or hormonal difference in mental
rotation? The influence of ovarian milieu. Psychoneuroendocrinology 115:104488.
doi: 10.1016/j.psyneuen.2019.104488

Pirke, K. M., Schweiger, U,, Broocks, A., Tuschl, R. ], and Laessle, R. G.
(1990). Luteinizing hormone and follicle stimulating hormone secretion
patterns in female athletes with and without menstrual disturbances. Clin.
Endocrinol. 33, 345-353. doi: 10.1111/§.1365-2265.1990.tb00499.x

Redman, L. M., and Loucks, A. B. (2005). Menstrual disorders in athletes.
Sports Med. 35, 747-755. doi: 10.2165/00007256-200535090-00002

Ruedl, G., Ploner, P, Linortner, I., Schranz, A., Fink, C., Sommersacher, R.,
et al. (2009). Are oral contraceptive use and menstrual cycle phase related
to anterior cruciate ligament injury risk in female recreational skiers? Knee
Surg. Sports Traumatol. Arthrosc. 17, 1065-1069. doi: 10.1007/s00167-009-
0786-0

Schauberger, C. W,, Rooney, B. L., Goldsmith, L., Shenton, D., Silva, P. D,
and Schaper, A. (1996). Peripheral joint laxity increases in pregnancy but
does not correlate with serum relaxin levels. Am. J. Obstet. Gynecol. 174,
667-671. doi: 10.1016/S0002-9378(96)70447-7

Shirazi, T. N., Levenberg, K., Cunningham, H., Self, H., Dawood, K., Cardenas, R.,
et al. (2021). Relationships between ovarian hormone concentrations and
mental rotations performance in naturally-cycling women. Horm. Behav.
127:104886. doi: 10.1016/j.yhbeh.2020.104886

Somerson, J. S., Isby, I. ]., Hagen, M. S., Kweon, C. Y., and Gee, A. O. (2019).
The menstrual cycle may affect anterior knee laxity and the rate of anterior
cruciate ligament rupture: a systematic review and meta-analysis. /BJS Rev.
7:¢2. doi: 10.2106/JBJS.RVW.18.00198

Souza, E. G., Ramos, M. G., Hara, C., Stumpf, B. P,, and Rocha, E L. (2012).
Neuropsychological performance and menstrual cycle: a literature review.
Trends Psychiatry Psychother. 34, 5-12. doi: 10.1590/52237-60892012000100003

Uhl, K., Parekh, A., and Kweder, S. (2007). Females in clinical studies:
where are we going? Clin. Pharmacol. Ther. 81, 600-602. doi: 10.1038/
sj.clpt.6100112

Waldén, M., Higglund, M., Werner, J., and Ekstrand, J. (2011). The epidemiology
of anterior cruciate ligament injury in football (soccer): a review of the
literature from a gender-related perspective. Knee Surg. Sports Traumatol.
Arthrosc. 19, 3-10. doi: 10.1007/s00167-010-1172-7

Woijtys, E. M., Huston, L. J., Boynton, M. D., Spindler, K. P, and Lindenfeld, T. N.
(2002). The effect of the menstrual cycle on anterior cruciate ligament
injuries in women as determined by hormone levels. Am. J. Sports Med.
30, 182-188. doi: 10.1177/03635465020300020601

Zazulak, B. T., Paterno, M., Myer, G. D., Romani, W. A., and Hewett, T. E.
(2006). The effects of the menstrual cycle on anterior knee laxity: a systematic
review. Sports Med. 36, 847-862. doi: 10.2165/00007256-200636100-
00004

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Legerlotz and Nobis. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

February 2022 | Volume 13 | Article 827726


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1002/hsr2.18
https://doi.org/10.1016/j.aap.2019.02.030
https://doi.org/10.1016/j.jsams.2020.03.016
https://doi.org/10.3389/fspor.2021.616999
https://doi.org/10.1111/j.1600-0838.1998.tb00185.x
https://doi.org/10.1016/j.asmart.2020.06.002
https://doi.org/10.1038/d41586-020-03459-y
https://doi.org/10.1136/bjsports-2019-101772
https://doi.org/10.1016/j.psyneuen.2019.104488
https://doi.org/10.1111/j.1365-2265.1990.tb00499.x
https://doi.org/10.2165/00007256-200535090-00002
https://doi.org/10.1007/s00167-009-0786-0
https://doi.org/10.1007/s00167-009-0786-0
https://doi.org/10.1016/S0002-9378(96)70447-7
https://doi.org/10.1016/j.yhbeh.2020.104886
https://doi.org/10.2106/JBJS.RVW.18.00198
https://doi.org/10.1590/S2237-60892012000100003
https://doi.org/10.1038/sj.clpt.6100112
https://doi.org/10.1038/sj.clpt.6100112
https://doi.org/10.1007/s00167-010-1172-7
https://doi.org/10.1177/03635465020300020601
https://doi.org/10.2165/00007256-200636100-00004
https://doi.org/10.2165/00007256-200636100-00004
http://creativecommons.org/licenses/by/4.0/

	Insights in the Effect of Fluctuating Female Hormones on Injury Risk—Challenge and Chance
	Introduction
	State of Research
	Female Hormones and Injury Risk
	Menstrual Cycle and ACL Ruptures
	Hormonal Fluctuations, Ligamentous Properties, and Knee Laxity
	Menstrual Cycle and Postural Stability
	Menstrual Cycle and Cognitive Functioning
	Menstrual Cycle and Behavior

	Discussion
	Conclusion: Accepting the challenge
	Data Availability Statement
	Author Contributions

	References

