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Introduction

The representation of women in research studies in the field of sports and sports 
medicine remains significantly lower compared to men. The main obstacle to 
including women in these studies is the menstrual cycle and its cyclical changes 
(Bruinvels et al., 2017; Cowley et al., 2021; Meignié et al., 2021). For this reason, 
more profound knowledge about the impact of different menstrual cycle phases 
and associated hormone variations on fundamental movement skills and athletic 
performance is a  very current topic, allowing the narrowing of the gender gap in 
sport-related research. 

A previous study exploring the gender gap in sport and exercise-related research 
reported that 6% of published articles from 2014–2020 focused only on female 
participants (Cowley et al., 2021). Further evaluation of these studies shows a higher 
quality of the research design when a  female author(s) led the study, as female 
researchers seem more aware of female-specific factors such as considering the 
reproductive hormone profile of participants (Cowley et al., 2024). Future research 
should address this ongoing gender gap, which might also be related to the gender 
distribution of senior academics and editorial boards (Cowley et al., 2021; Cowley 
et al., 2024).

The menstrual cycle is becoming a widely discussed topic in sports environments. 
Up to 41.7% of female athletes state that menstruation hurts their training and 
performance, but the specific reasons are not yet sufficiently researched (Bruinvels 
et al., 2016). Previous studies systematically reviewing the effect of menstrual cycle 
phases on exercise performance showed a reduced performance during menstruation 
and late luteal phases of the cycle (Carmichael et al., 2021; McNulty et al., 2020) or 
their results are inconclusive, suggesting a variable association between menstrual 
cycle phase and endurance, power resistance, decision-making skills, level of 
perceived exertion or competitiveness (Carmichael et al., 2021; Meignié et al., 2021; 
Paludo et al., 2022).

To increase the knowledge about the effect of different menstrual cycle phases 
on physical performance, two fundamental elements of human movement – postural 
stability, as a critical factor for balance, risk for falls and consequent risk of injuries, 
and gait, as the basic locomotor pattern in humans, were analyzed in this book. 
Reproductive hormone levels fluctuate throughout the menstrual cycle, impacting the 
musculoskeletal system by enhancing bone and muscle mass, reducing stiffness in 
tendons and ligaments, and influencing the central nervous system, which can affect 
postural stability and gait (Chidi-Ogbolu and Baar, 2019; N-Wihlbäck et al., 2006; 
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Taraborrelli, 2015). The contradictory results of the previous studies highlight the 
need for a systematic synthesis of the available literature and elaborating their results 
in novel original studies. The following research questions (RQ) were analyzed in 
this book.

RQ1: �How do  different menstrual cycle phases affect postural stability 
parameters?

RQ2: �How do different menstrual cycle phases affect postural stability parameters 
in situation with dual-task?

RQ3: �How does the age at menarche influence postural stability parameters in 
adult women?

RQ4: �How do different menstrual cycle phases affect spatiotemporal and dynamic 
gait parameters?

RQ5: �How do different menstrual cycle phases affect spatiotemporal and dynamic 
gait parameters in situation with dual-task?

RQ6: �How does the age at menarche influence spatiotemporal and dynamic gait 
parameters in adult women?

The first chapter of this book provides the necessary insight into the menstrual 
cycle, its endocrine regulation, methods used for menstrual cycle monitoring, 
and an introduction to postural stability assessment and gait analysis. The second 
chapter focuses on the menstrual cycle’s influence on postural stability. It starts with 
a systematic review summarising the results of the previous scientific studies on this 
topic. It continues with novel research focused on the effect of different menstrual 
cycle phases on postural stability in situations with and without dual-task. The second 
chapter ends with presenting a  feasibility study on the impact of age at menarche 
on postural stability. The second chapter’s conclusions answer the RQ1, RQ2, and 
RQ3. The third chapter is dedicated to the influence of the menstrual cycle on gait. 
Similar to the second chapter, it starts with a systematic review summarizing previous 
studies’ results about the menstrual cycle’s influence on gait. This chapter continues 
with original research on the effect of different menstrual cycle phases on gait in 
situations with and without dual-task. It ends with a feasibility study on the impact of 
age at menarche on gait. The third chapter’s conclusions answer the RQ4, RQ5, and 
RQ6. The rigorous standards of academic work required in scientific journals were 
followed when presenting data in Chapters 2 and 3.

This book aimed to summarize the current knowledge about the effect of menstrual 
cycle phases on postural stability and gait and present possible directions for future 
research in this field. Increasing the knowledge about the underlying mechanisms 
that link female physiology to movement biomechanics and performance holds 
implications for research and practical applications in the health sciences and 
sports.
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Chapter 1. A brief introduction to the 
menstrual cycle, postural stability, and gait

Chapter summary

This chapter aimed to provide the necessary background for the research focused on 
the effect of the menstrual cycle on postural stability and gait. The female reproductive 
system includes two regular cycles, the ovarian cycle and the menstrual cycle, 
which are interconnected. These cycles are controlled by the hormone interaction 
of gonadotropin-releasing hormone, follicle-stimulating hormone, luteinizing 
hormone, estrogen, and progesterone. Besides controlling the reproductive system, 
these hormones affect the musculoskeletal, and central nervous systems which can 
influence postural stability and gait.

During a  quiet stance, postural stability is the ability to control and maintain 
a  static upright body balance by integrating visual, vestibular, and somatosensory 
inputs. Postural stability is usually measured for research purposes by force platforms 
that enable the calculation of the movement of the center of pressure. The gait cycle 
can be divided into the stance phase when the foot is in contact with the ground, and 
the swing phase, when the limb moves forward without contact with the ground. 
Kinematic and dynamic gait analyses are the most common in research. Additionally, 
spatiotemporal gait parameters are essential for gait description and are used in clinical 
practice. During the postural stability and gait, cognition and motor control interact, 
and testing the cognitive-motor interference with a  dual-task provides important 
knowledge about the cognitive involvement in gait and postural stability control.

Menstrual cycle

The female reproductive system enables the production of female sex hormones, 
formation and development of eggs (oocytes), their fertilization, and gestation, 
i.e., the development of the fertilized egg, embryo, and fetus in the woman’s uterus 
during pregnancy, and subsequent delivery, or shedding of the endometrial lining if 
the fertilization does not occur. The female reproductive system includes two regular 
cycles: the ovarian cycle (cycle of the ovaries) and the menstrual cycle (cycle of the 
uterus), which are interconnected and reoccur approximately every 28 days from 
menarche, the first menstrual bleeding, to menopause, the last menstrual bleeding. 
These cycles are controlled by the hormones of the hypothalamus and pituitary gland 
(Constanzo, 2014; Preston and Wilson, 2012).
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In this subchapter, the ovarian and menstrual cycle were briefly described. This 
subchapter also described the endocrine regulation of the menstrual cycle and 
methods used for monitoring the menstrual cycle. This subchapter aimed to provide 
the necessary background for the kinanthropological research related to the menstrual 
cycle.

Ovarian cycle
Oocytes are stored in follicles in the cortex of the ovary. Primary follicles are 
established before birth, ranging from 700,000 to 2 million. Maturing secondary 
follicles and mature Graafian follicles mature between menarche and menopause. 
During the fertile period of a woman’s life, approximately 400 eggs will mature. It 
takes more than 120 days for a primary follicle to transform into a secondary follicle 
and another 85 days for a secondary follicle to transform into a Graafian follicle and 
ovulation to occur. Thus, the entire period of follicle growth is more than 220 days, 
or approximately 8 menstrual cycles (McGee and Hsueh, 2000).

The approximately 28-day-long ovarian cycle consists of three phases: (i) the 
follicular phase, when follicles mature, estrogen level gradually increases and the 
high levels of estrogen cause proliferation of the endometrial lining of the uterus. 
Additionally, follicular phase can be subdivided into early follicular phase, which 
often coincides with menstrual bleeding and is characterised by low sex hormone 
concentrations, mid-follicular phase, when estrogen concentration increases, and late 
follicular phase, when estrogen levels peak; (ii) ovulation, when the egg is released 
from the Graafian follicle. Ovulation is the most fertile phase of the cycle and occurs 
approximately 14 days before the next menstruation; (iii) the luteal phase, when 
the empty Graafian follicle transforms into a corpus luteum. The corpus luteum is 
hormonally active, producing progesterone and estrogens. If the egg is not fertilized, 
the corpus luteum disappears after 10 to 12 days, and only a small scar remains. During 
fertilization, the corpus luteum remains active until the 4th month of pregnancy, when 
its function is taken over by the placenta. Similar to follicular phase, luteal phase can 
be subdivided into early luteal phase, when progesterone levels increase, mid-luteal 
phase, when progesterone levels peak, and late luteal phase, when sex hormone levels 
decrease (Constanzo, 2014; Elliott-Sale et al., 2021; Preston and Wilson, 2012).

Menstrual cycle
The endometrium of the uterus undergoes cyclical changes known as the menstrual 
cycle, in which we recognize the following phases: (i) menstrual phase (1st to 4th day), 
when the functional layer of the endometrium is lost together with menstrual blood  
(35 to 80 ml); (ii) regenerative phase (5th day); (iii) the proliferative phase  
(6th to 14th day), when a  new functional layer of the endometrium grows, the 
endometrial thickness increases from 1–2 mm to 8–10 mm; (iv) the secretory phase 
(15th to 27th day), when the blood supply to the endometrium increases, the endometrial 
glands produce polysaccharide-rich mucus, the endometrium is prepared to receive 
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a  fertilized egg during this phase of menstrual cycle; and (v) the ischemic phase 
(28th day), when the spiral arteries supplying the endometrium are constricted and the 
functional layer of endometrium breaks down (Preston and Wilson, 2012).

Anovulatory cycle
During the anovulatory cycle, ovulation does not occur. It is only a prolonged follicular 
phase when the endometrium’s functional layer increases and subsequent bleeding 
occurs. Thus, during the anovulatory cycle, no luteal phase is associated with an 
increase in progesterone (Briden, 2015). Chronic anovulatory cycles are a cause of 
infertility and can be caused by polycystic ovary syndrome, among others. In women 
with a  regular menstrual cycle, the frequency of isolated anovulatory cycles is  
1 to 14.5% (DeVilbiss et al., 2020), and an increased risk of anovulatory cycles is 
associated with obesity (Bloom et al., 2021). Anovulatory cycles are typical in girls 
during their first menstrual cycles (Spence, 1997).

Menarche
Menarche, the first menstrual bleeding, occurs between 8 and 15 years of age, with 
an average of 12.5 years (Lalys and Pineau, 2014), and it is a  hallmark event in 
a  woman’s life. Menarche typically occurs 2 to 3 years after puberty onset and 
6  months after the peak height velocity is achieved. The age at menarche is the 
result of genetic and environmental factors (Barros et al., 2019; Karapanou and 
Papadimitriou, 2010). Ethnical origin, body mass index (BMI), geography, and 
exercise were observed to affect the age at menarche (Karapanou and Papadimitriou, 
2010). Afro-American and Hispanic-American girls achieve menarche at younger 
ages than Caucasian girls in the United States (Wu et al., 2002), also higher BMI 
was associated with earlier menarche (Di et al., 2024). On the other hand, menarche 
usually occurs later in athletes suggesting that intense exercise may delay puberty 
(Malina, 1983). A declining trend of menarcheal age has been observed since the last 
century as environmental factors such as socioeconomic status or nutrition may be 
related to the earlier onset of puberty. The menstrual cycle length is typically between 
21 to 45 days during the early years after menarche. Longer cycles may be related 
to anovulation due to immaturity of the hypothalamic-pituitary-ovarian axis (ACOG 
Committee Opinion No. 651).

Menopause

Perimenopause and menopause bring a  significant change in a  woman’s life. 
Menopause – the last menstrual bleeding, is determined retrospectively after 
12 months without menstruation (if another possible cause is ruled out). Menopause 
marks the end of a woman’s reproductive capacity. For many women, this change 
is liberating from the point of view of the end of menstrual bleeding difficulties 
and the fear of pregnancy. Nowadays, women spend 30 to 40% of their lives in the 
post-menopausal period. The gradual reduction of reproductive function before 
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menopause is then referred to as perimenopause. Menopause occurs at an average 
age of 51.5 years (Minkin, 2019). Smoking may contribute to an earlier onset of 
menopause (Takahashi and Johnson, 2015). Approximately 20% of women do not 
suffer any symptoms during this period. On the contrary, 20% suffer from severe 
symptoms. Vasomotor symptoms such as hot flushes (usually shorter than 5 minutes) 
associated with sweating, which sometimes limits the woman’s activities (Minkin, 
2019), or night sweats, affect up to 80% of women, usually during 5 to 7 years. These 
symptoms of menopause negatively impact sleep and mood and, thus, a woman’s 
overall quality of life (Johnson et al., 2019). Other common symptoms of menopause 
include incontinence, sexual dysfunction, e.g., vaginal dryness or decreased libido, 
and muscle and joint pain (Nelson, 2008).

Endocrine regulation of the menstrual cycle

The menstrual cycle is regulated by the complex interaction of gonadotropin-releasing 
hormone (GnRH), follicle-stimulating hormone (FSH), luteinizing hormone (LH), 
estrogen, and progesterone.

The hypothalamus produces GnRH and stimulates the anterior lobe of the 
pituitary gland, releasing FSH and LH. During the follicular phase, hypothalamus 
pulsatile release of GnRH occurs every 1 to 1.5 h and every 2 to 4 h during the luteal 
phase (Barbieri, 2014). Abnormalities in GnRH pulse frequency are associated with 
menstrual cycle abnormalities and reproductive disorders (Marques et al., 2022). 
FSH produced by the pituitary gland controls follicle growth and estrogen production 
in the ovaries. FSH peaks at the same time when the LH surge leads to ovulation. 
During the luteal phase, FSH remains low, preventing the development of a  new 
Graafian follicle (Orlowski and Sarao, 2023). The pituitary gland also produces 
LH and controls the function of the ovaries, such as ovulation and corpus luteum 
formation. The LH surge occurs 34–36 h before ovulation and peaks approximately 
10–12 h before ovulation (Reed and Carr, 2018).

Estrogens are responsible for the formation of secondary female sexual 
characteristics, e.g., specific deposition of subcutaneous fat. Estrogens reduce the 
amount of cholesterol in the plasma and reduce the activity of osteoclasts in bones, 
preventing osteoporosis. Estrogen levels increase from approximately 5 pg/ml 
during menstruation to 200 to 500 pg/ml during ovulation. Estrogen levels rise and 
fall twice during the cycle: they rise during the mid-follicular phase and drop after 
ovulation. The second rise is during the mid-luteal phase, and the second decrease 
occurs at the end of the menstrual cycle. The primary estrogen is estradiol. Estrogen 
regulates musculoskeletal function, and its receptors are observed in muscle, bone, 
ligament, and tendon tissues. In muscles, estrogen increases the anabolic response to 
exercise. Additionally, animal models show that the decrease in estrogens is related to 
a reduction of muscle strength and muscle mass. In tendons and ligaments, estrogen 
decreases their stiffness, affecting the risk of injuries (Chidi-Ogbolu and Baar, 2019; 
Reed and Carr, 2018).
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Progesterone is the most well-known progestogen; it stimulates the growth and 
blood supply of the endometrium necessary for the implantation of the fertilized egg 
and maintaining pregnancy. Before giving birth, progesterone stimulates the growth 
of the mammary gland. The level of progesterone is increased during the luteal 
phase of the cycle. Progesterone increases the basal temperature by affecting the 
peripheral blood flow. Therefore, a 0.2 to 0.5 °C temperature increase is observed 
after ovulation. Progesterone increases mucous secretion of the cervix of the 
uterus, resulting in a barrier for sperms used in progestin-dependent contraceptives. 
Furthermore, progesterone interacts with estrogen, affecting bone mineral density 
(Cable and Grider, 2023).

Menstrual cycle monitoring
Menstrual cycle length is calculated from the first day of menstruation to the last day 
before the start of menstrual bleeding in the following cycle. The menstrual cycle length 
in a healthy woman ranges between 21 to 35 days. The duration of bleeding varies 
between 2 and 7 days. The fertile window is approximately 3–5 days (sperm lifespan) 
before ovulation and 1–2 days (oocyte lifespan) after ovulation (Su et al., 2017).

The cycle length can be monitored using a  calendar, table, or smartphone 
application, in which it is also possible to write down the symptoms that a woman 
feels in a given phase (e.g., strength of bleeding, pain, or mood). The prediction of 
ovulation and fertile days by smartphone applications is usually calculated based 
on the cycle length information (the length of the luteal phase is relatively constant:  
10–16 days). It may not correspond to the actual ovulation date. When monitoring 
the menstrual cycle, it is recommended to monitor the first day of heavy bleeding (the 
first day of the cycle), the number of days between the first day of the cycle and the 
first day of the following cycle (cycle length), and the number of days of bleeding (Su 
et al., 2017; Briden 2015).

The most common ovulation detection methods include ovulation tests based on 
LH, basal temperature measurement, cervical mucus observation, symptothermal 
method, and salivary ferning (Su et al., 2017).

•	 Ovulation tests: ovulation test kits can be obtained in pharmacies, and they 
detect LH in urine. The amount of LH increases about halfway through the 
cycle and triggers ovulation. A positive LH test is approximately 20 ± 3 h before 
ovulation itself. Ovulation tests are suitable for detecting ovulation if a woman 
wants to conceive a  child; they are not ideal for determining ovulation as 
a contraceptive method, as sperm can survive in the female reproductive system 
for 3–5 days from the period before ovulation is detected (Su et al., 2017).

•	 Basal temperature measurement: during the follicular phase, the basal body 
temperature is lower, around 36.5 °C. The basal temperature decreases before 
ovulation (approximately 1 day before ovulation). After ovulation, due to 
progesterone, the temperature increases by 0.2 to 0.5 °C. At the end of the 
luteal phase, the corpus luteum disappears, the progesterone level decreases, 
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and 1–2 days before the start of menstruation, the basal temperature drops 
again. An increase in basal temperature, therefore, means ovulation. Basal 
temperature can be measured vaginally, orally, or rectally, ideally right after 
waking up at the same time, on the same part of the body, with the same device 
every day. Recording of measured values ​​is possible using tables, online tools, 
or smartphone applications (Su et al., 2017). Nowadays, wearable devices 
such as bracelets record wrist skin temperature at night and predict ovulation 
(Uchida and Izumizaki, 2022).

•	 Cervical mucus: Cervical mucus changes throughout the cycle. Shortly 
after menstruation, the mucus appears minimally; in the subsequent period, 
it is thicker and sticky (it provides a  barrier against sperm penetration and 
microorganisms into the uterus). During ovulation, it has the consistency of 
egg white. Cervical mucus is stimulated by estrogen when, during ovulation, 
the extracellular water in the body increases, the production of mucin in the 
cervical mucus decreases, the glycoprotein barrier is loosened, and the cervical 
mucus becomes easily permeable to sperm (Su et al., 2017). During ovulation, 
the mucus can be stretched between two fingers up to 6 cm. Changes in cervical 
mucus are evident 4 to 7 days before ovulation (Peters and Mahdy, 2022). 
Changes in cervical mucus can be recorded similarly to the basal temperature 
by the table method or smartphone application (Su et al., 2017). Thickening 
of cervical mucus is one of the main effects of progestogen-only hormonal 
contraceptives such as subcutaneous implants (Briden, 2015).

•	 Symptothermal method: this method is a  combination of basal temperature 
measurement and cervical mucus observation (Su et al., 2017). The reliability 
of this method for predicting future cycles increases when using data from 6 to 
12 past cycles. Women can then expect their fertile days, i.e., 2–3 days before 
and 3 days after the increase in basal temperature (Peters and Mahdy, 2022).

•	 Salivary ferning: ferning or arborization of saliva can be seen under the 
microscope during the preovulatory period. The saliva ferning is caused by 
the crystallization of NaCl, which is affected by increasing estrogen levels 
and adrenocorticotropic hormone influence on aldosterone before ovulation. 
However, the salivary ferning test seems to be an unreliable method for 
contraception (Owen, 2013; Saibaba et al., 2017; Su et al., 2017).

No consistent methods for relevant menstrual cycle monitoring have been 
established when performing research related to the menstrual cycle in a  sports 
environment. This limit has been highlighted in several systematic reviews and meta-
analyses. Additionally, no uniform vocabulary when describing different menstrual 
cycle phases can be confusing and make comparing the results difficult (Janse de 
Jonge et al., 2019; Paludo et al., 2022; Schmalenberger et al., 2020). McGawley et al. 
(2023) and Findlay et al. (2020) highlighted the need for improving menstrual health 
literacy and communication in sports.
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A repeated measures study design is the golden standard approach to menstrual 
cycle research. Specifying the required cycle phases and associated hormonal levels 
to test a hypothesis is important. A different order of the phases at the first assessment 
was suggested to avoid the possible order and training effect in repeated measured 
study design. It was also recommended to monitor the first day of menstruation and 
perform ovulation testing for correct menstrual phase assessment (Schmalenberger 
et al., 2020). 

Postural stability 

Postural stability during standing is the ability to control and maintain the upright 
body balance by integrating visual, vestibular, and somatosensory inputs. The quiet 
standing is unstable in humans as a slight deviation from the perfect upright stance 
leads to gravity-induced torque acting on the body. The consequent center of gravity 
position changes result in body sway (Lipowicz et al., 2019; Peterka and Loughlin, 
2004). The postural stability was observed to be affected by age (Liang et al., 2022; 
Maylor and Wing, 1996), gender (Al-Makhalas et al., 2023; Sell et al., 2018), BMI 
(Angyán et al., 2007), body height (Bryant et al., 2005; Krzykala et al., 2023), or 
intellectual disabilities (Lipowicz et al., 2019). Previous studies report that women 
have greater postural control compared to men, observed by a shorter center of pressure 
(CoP) sway path (Sullivan et al., 2009; Bryant et al., 2005). However, specific phases 
of a  woman’s life, such as pregnancy or menopause, were observed to deteriorate 
postural stability (Hita-Contreras et al., 2018; Opala-Berdzik et al., 2015).

This subchapter aimed to provide the necessary background for the research 
focused on the effect of the menstrual cycle on postural stability by briefly describing 
the static and dynamic postural stability, methods used for postural stability 
assessment, and the impact of dual-tasks on postural stability. 

Static and dynamic postural stability
Postural stability results from complex interactions maintaining the projection of the 
center of mass within the relatively small support area (Latash, 2008). Postural control 
can be described as static or dynamic. Static postural control maintains the same support 
base while minimizing body movement, e.g., during standing. Dynamic postural control 
involves performing a movement when keeping the base of support, e.g., during the 
star excursion balance test when the participant maintains a  single leg stance while 
reaching out in a different direction with the other foot. A poor correlation between the 
static and dynamic balance tests suggested including both when assessing the balance 
alteration (Thakkar and Senthil Kumar, 2017; Rizzato et al., 2021). Additionally, it is 
possible to measure dynamic stability, the ability to control the center of mass when 
the base of support changes, e.g., during the gait or postural transitions (Sibley et al., 
2017). The most common postural transition task is the transition from a double-leg 
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stance to a  single-leg stance which allows time to stabilization and CoP oscillation 
analyses (Dingenen et al., 2013; Koshino et al., 2020).

Postural stability analysis
Postural stability is usually measured for research purposes by force platforms. Force 
platforms enable the calculation of the movement of the CoP, resulting in a CoP path 
length, CoP average velocity, and calculation of its anterior-posterior and medio-
lateral sway length. The CoP is the projection of the center of mass within the base 
of support. Anterior-posterior sway reflects ankle torque in flexors and extensors, 
and medio-lateral sway is controlled by abductor and adductor muscles. In clinical 
practice, the CoP sway measurement is used to identify people with mobility 
limitations and predict fall risk (Bryant et al., 2005; Latash, 2008).

Static postural stability is usually measured during a quiet stance when having 
eyes open. However, the measuring protocols differ in foot position using feet apart, 
feet together, or a tandem stance, and by the measured time, which usually ranges 
between 10 to 60 s (Kędziorek and Błażkiewicz, 2020; Latash, 2008). Limiting vision 
or proprioception can be used to assess the sensory contribution to postural stability. 
When the sensory input is limited, such as by closing the eyes or adding a  foam 
surface on the force platform, the magnitude of CoP sway substantially increases 
(Latash, 2008).

Dynamic postural stability can be assessed by the star excursion balance test, when 
the participant must maintain a single-leg stance while reaching as far as possible in 
eight positions with the contralateral leg (Ericksen et al., 2012); Y-balance test, when 
the participant maintains a  single-leg stance while reaching out in three directions 
(Emami et al., 2018; Muniandy et al., 2023); or by testing the limits of stability, which 
represent the maximal distance a participant can intentionally sway in a given direction 
while maintaining a two-legged stance (Ozer Kaya and Toprak Celenay, 2016).

Postural stability with dual-task
Cognitive or motor dual-tasks when standing or walking are important activities in 
daily life: when using a smartphone, having a conversation, or carrying a bag (Liu et 
al., 2017). During the dual-task, the attention is directed toward an external source of 
attention (cognitive or motor task), leading to an automatic motor system function 
reflected in more effective performance in postural stability or gait (Resch et al., 
2011; Schaefer et al., 2015; Wulf et al., 2001). However, with the increased cognitive 
load of the dual-task, cognitive-motor interference has been observed. Similarly, 
with aging, dual-tasks lead to a significant decrement in postural stability (Ghai et 
al., 2017; Salihu et al., 2022). One study considering the effect of the menstrual 
cycle on postural stability with dual-tasks (Keklicek et al., 2021) is known to the 
author and presented in Chapter 2. In young, healthy adults, significant improvement, 
deterioration, and no change in postural stability were reported during dual-task 
performance (Salihu et al., 2022).
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Arithmetic tasks, especially serial subtractions, are commonly used as a cognitive 
dual-task. These tasks are classified as working memory tasks as they require 
information to be kept in mind while manipulating the data mentally (Bayot et al., 
2018). Motor tasks can be divided into two categories by their complexity. Tasks like 
shirt buttoning require more cognitive resources than more straightforward tasks such 
as carrying a cup with water or a tray (Horvat et al., 2013). There are nine potential 
patterns of cognitive-motor interference, including no dual-task interference, motor 
facilitation, or cognitive-related motor interference (Plummer et al., 2013).

Previous studies report the beneficial effect of dual-task training on postural stability 
in fall-prone population groups (Ghai et al., 2017). It was hypothesized that participants 
could develop their coordination skills by dual-task training (Silsupadol et al., 2009). 
The dual-task training enhances neural functioning, as observed by increased activation 
in the dorsolateral prefrontal cortex, associated with improved performance in the dual-
task training group of young healthy individuals (Erickson et al., 2007). Furthermore, 
dual-task training enhances postural stability and cognitive performance, as reported in 
systematic reviews by Fritz et al. (2015) and Ghai et al. (2017).

Gait 

Gait is the key locomotor pattern in humans, enabling many activities in daily living. 
The first steps are a  crucial developmental milestone in toddlers between 8 and 
18 months of age (WHO, 2006). The individual walking pattern is influenced by age 
(Bosch et al., 2009), gender (Mather and Murdoch, 1994), BMI (Rosso et al., 2019), 
and mood (Michalak et al., 2009), among many others. A previous systematic review 
by Pollard and Wagnild (2017) reports that women at young adult age tend to walk 
more for leisure compared to men. Gender differences were also observed during the 
gait analysis. Women choose slower self-selected comfortable speed, shorter stride 
length, and narrower step width. Significant gender differences were observed also 
in hip, knee, and ankle joint kinematics. In more detail, women walk with a greater 
pelvic obliquity, greater arm swing, greater flexion, adduction, and internal rotation 
in hip joints, and greater valgus angles in knee joints compared to men (Bruening et 
al., 2015; Cho et al., 2003; Rowe et al., 2021).

This subchapter described the different phases of the gait cycle, methods used 
for the gait analysis, and the effect of dual-tasks on gait to provide the necessary 
background for the research focused on the impact of the menstrual cycle on gait.

Gait cycle
The gait cycle starts with the initial contact of one foot with the ground and ends 
when the same foot touches the ground again. The gait cycle can be divided into the 
stance phase when the foot is in contact with the ground, and the swing phase, when 
the limb moves forward without contact with the ground. The stance phase occupies 
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approximately 60% of the gait cycle, and the swing phase constitutes about 40%. Two 
double stance phases when both feet are in contact with the ground occupy about 20% 
of the gait cycle (Levine et al., 2012; Leal-Junior and Frizera-Neto, 2022). During fast 
walking speed, the swing phase is prolonged; on the other hand, when walking slowly, 
the stance phase of the gait cycle is prolonged (Levine et al., 2012).

The stance phase can be divided into (1) initial contact (0%), when the heel 
strikes the ground to initiate weight acceptance, at this moment, starts the first phase 
of double support; (2) during the loading response phase (0 to 10%) the weight 
acceptance continues, this phase is the double support phase. The loading response 
phase ends when the contralateral foot leaves the ground; (3) during mid-stance  
(10 to 30%), the body is supported by a single leg. This phase ends when the heel of 
the ipsilateral foot leaves the ground; (4) terminal stance (30 to 50%) is characterized 
by the standing foot rolling over the forefoot. At the end of this phase, the contralateral 
foot contacts the ground; this event occurs approximately 50% of the cycle; and (5) 
during the pre-swing, toe-off phase, or terminal contact (50 to 60%), the second phase 
of double support occurs. This phase ends when toes leave the ground (Levine et al., 
2012; Leal-Junior and Frizera-Neto, 2022).

The swing phase can be divided into (1) initial swing or feet adjacent (60 to 73 %); 
this phase ends when the foot is aligned with the contralateral ankle and the two feet 
are side by side; (2) mid-swing (73 to 87%) is a continuation of the swing till the tibia 
is in the vertical position; and (3) late swing phase (87 to 100%) which ends with 
the initial contact of the foot with the ground of a following gait cycle (Levine et al., 
2012; Leal-Junior and Frizera-Neto, 2022).

Gait analysis
The history of gait analysis dates back to Aristotle (384–322 BC), who proposed the 
first known gait analysis by tracing head movements during walking (Nirenberg et 
al., 2018). Nowadays, kinematic and dynamic gait analyses are the most common 
in research. However, other methods, such as visual observation or gait speed 
measurement, are used in clinical practice (Levine et al., 2012).

Kinematic gait analysis is based on recording the position and orientation of body 
segments. The measurement requires two or more cameras in a  calibrated three-
dimensional system. The kinematic analysis software creates a  three-dimensional 
model of the human from which velocities, accelerations, and joint angles during 
the motion can be obtained. The hip, knee, and ankle joints are the most analyzed in 
kinematic gait analysis (e.g., Gimunová et al., 2020; Gimunová et al., 2021a; Leal-
Junior and Frizera-Neto, 2022).

Dynamic gait analysis or pedobarography is based on measuring ground reaction 
force through force platforms (Leal-Junior and Frizera-Neto, 2022). Force platforms 
software also provides additional information about foot contact area, contact time, 
peak pressure at different parts of the foot during the gait cycle, duration of various 
phases, and the spatiotemporal gait parameters. The dynamic gait analysis enables the 
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qualitative and quantitative examination of plantar pressure distribution (e.g., Zulkifli 
and Loh, 2020; Gimunová et al., 2022a; Gimunová et al., 2018).

Spatiotemporal gait parameters, which can be obtained from both types of gait 
analysis, are important for gait description and are used in clinical practice. Step and 
stride length, step width, cadence, gait speed, stride time, stance time, and swing time 
are the most analyzed gait parameters as they were observed to change in different 
disabilities and with age (e.g., Gimunová et al., 2021b; Gimunová et al., 2022b; 
Herssens et al., 2018; Voss et al., 2020; Levine et al., 2012; Leal-Junior and Frizera-
Neto, 2022).

Gait with dual-task
During the gait, cognition and motor control interact (Bayot et al., 2018). Testing 
the cognitive-motor interference when walking with a dual-task provides essential 
knowledge about cognitive involvement in gait control. Dual-tasks, when a cognitive 
or motor task is performed simultaneously while walking, are an everyday daily living 
activity, e.g., conversation (Kao and Pierro, 2021). In clinical practice, cognitive-
motor interference testing is used to detect a risk of falls or aging-related cognitive 
decline (Bayot et al., 2018; Montero-Odasso et al., 2012). However, the gait pattern 
changes due to the dual-task interference in healthy young adults. The extent to which 
the gait pattern deteriorates during the dual-task depends on age and the cognitive 
demand of the task (Kao and Pierro, 2021; Yogev-Selingmann et al., 2008). In young, 
healthy adults, dual-tasking mainly affects gait velocity (Yogev-Selingmann et al., 
2008). Additionally, increased step width was observed during dual-task walking in 
young, healthy adults (Kao and Pierro, 2021).

Detecting adults at risk of falls by testing gait with dual-tasks corresponds to 
a  significant public health issue related to aging. Therefore, most of the research 
pertaining to dual-tasking is performed on the aging population (Montero-Odasso et 
al., 2012). Few studies consider emotional state, motivation, or pain in gait with dual-
tasks, and only one study considering the menstrual cycle phase (Ates and Unluer, 
2020) is known to the author and presented in Chapter 3.



Chapter 2. Changes in postural stability 
influenced by menstrual cycle

Chapter summary

The fluctuation of estrogen and progesterone affects general joint and ligament 
laxity, resulting in differences in the incidence of injury at different menstrual cycle 
phases. Previous studies described higher general joint and ligament laxity and 
a higher incidence of injuries at ovulation. These findings highlight the importance 
of a detailed knowledge of postural stability fluctuations across the menstrual cycle. 
The second chapter was divided into three parts: (i) a systematic review summarizing 
the previous studies on the effect of the menstrual cycle on postural stability; (ii) an 
experimental study focused on the effect of the menstrual cycle on postural stability 
in a situation with and without a dual-task; and (iii) a pilot study analyzing the effect 
of menarche on postural stability. 

Twenty-two studies were included in the systematic review focused on the 
influence of the menstrual cycle on postural stability. Six of the included studies 
observed no significant difference in postural stability across the menstrual cycle, 
and sixteen showed that the menstrual cycle affects both static and dynamic postural 
stability. Most of these studies observed deteriorated results during the early follicular 
phase in dynamic postural stability and at ovulation in static postural stability. 

This finding was confirmed by the second study in this chapter, which presented 
original data. At ovulation, postural stability measured by CoP average velocity was 
observed to deteriorate compared to the early follicular phase, probably due to the 
increased joint laxity. During all analyzed phases of the menstrual cycle, significant 
deterioration of CoP path and CoP average velocity was observed when performing 
mathematical, shirt buttoning, and smartphone reading dual-tasks.

The results of the pilot study on the effect of age at menarche on postural stability 
did not identify a clear association between age at menarche and postural stability 
parameters, as only small to moderate correlations were observed. Future studies on 
large samples will show the potential causal effect between the age at menarche, body 
height, body mass, and postural stability in women.

  |  21



22  |  M A R T A  G I M U N O V Á :  P O S T U R A L  S T A B I L I T Y  A N D  G A I T  D U R I N G  M E N S T R U A L  C Y C L E

Does the menstrual cycle affect postural stability? 
A systematic review

Background
Changes in neuromuscular and biomechanical characteristics across the menstrual 
cycle have recently attracted more attention as they are related to the increased risk 
of injury in female athletes during particular phases of the menstrual cycle (Abt et 
al., 2007). Estrogen and progesterone levels vary across the cycle (as described in 
Chapter 1) and affect the musculoskeletal system by improving bone and muscle 
mass, decreasing stiffness in tendons and ligaments, and affecting the central nervous 
system which can influence the postural stability, and subsequently increase the risk 
for injury (Chidi-Ogbolu and Baar, 2019; N-Wihlbäck et al., 2006; Taraborrelli, 
2015). 

Postural stability is necessary not only for sports performance but also for daily 
activities. In experimental settings, static and dynamic postural stability is widely 
evaluated to assess factors contributing to the risk of injuries (Emami et al., 2018; 
Kacem et al., 2021). Factors affecting postural stability include age (Maylor and 
Wing, 1996), body composition (Hita-Contreras et al., 2013), body weight (Hue et 
al., 2007), body height (Krzykala et al., 2023), gender (Al-Makhalas et al., 2023) 
and probably also the phase of the menstrual cycle due to changing estrogen and 
progesterone levels (Emami et al., 2018).

Female athletes’ incidence of non-contact anterior cruciate ligament injuries is 
significantly higher compared to males (Montalvo et al., 2019), and recent research 
showed that the use of oral contraceptives may reduce the injury risk by up to 20% 
(Herzberg et al., 2017). The fluctuation of estrogen and progesterone affects ligament 
laxity and muscular coordination (Petrofsky and Lee, 2015); it was hypothesized that 
the incidence of injury could be affected by menstrual cycle phases (Hertel et al., 
2006). The risk of anterior cruciate ligament injury was reported to be greater during 
the preovulatory phase of the cycle compared to post-ovulatory phase in Alpine skiers 
(Beynnon et al., 2006; Ruedl et al., 2009), in late follicular phase compared to early 
follicular or luteal phase in football players (Martin et al., 2021), in the follicular phase 
compared to luteal phase in college athletes (Arendt et al., 2002) and during ovulation 
compared to luteal phase in athletes (Wojtys et al., 2002). Similarly, ankle instability 
was observed to have a higher incidence in females than males (Tanen et al., 2014) 
and to be affected by the menstrual cycle, showing higher general ankle joint laxity 
during ovulation (Yamazaki et al., 2021). These findings highlight the importance of 
a detailed knowledge of postural stability fluctuations across the menstrual cycle. 

A systematic review on this topic was performed to summarise all the available 
previous research about the influence of the menstrual cycle on postural stability and 
answer the question from the title of this subchapter if the menstrual cycle can affect 
postural stability.
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Methods
Type of the study: systematic review
A  systematic review of the influence of the menstrual cycle on postural stability 
was performed according to the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyzes (PRISMA) guidelines (Page et al., 2021). Systematic reviews 
are considered the “gold standard” for searching, appraising, and synthesizing the 
available literature related to a specific research question (Boland et al., 2017). The 
search was performed using PubMed, Web of Science, and Scopus in August 2023. 
PECO criteria were used to define the eligibility criteria for studies included in the 
systematic review. The PECO criteria consisted of participants (P) of females at 
reproductive age, exposure (E) to different phases of the menstrual cycle, comparator 
(C) between different menstrual cycle phases (e.g., follicular phase compared to luteal 
phase), and outcome (O) of change or maintenance of postural stability parameters 
during one phase against another.

The following terms with Boolean operators were used for the search: (“menstrual” 
OR “menstrual cycle” OR “follicular phase” OR “luteal phase” OR “menstruation” 
OR “ovarian cycle” OR “ovulation”) AND (“postural stability” OR “posture” OR 
“balance test*” OR “static stability” OR “center of pressure” OR “centre of pressure” 
OR “posturography” OR “CoP” OR “postur*” OR “quiet standing”). The literature 
search did not exclude any studies published before specific date due to a  limited 
number of scientific studies focused on postural stability changes across the menstrual 
cycle. A  similar approach was used previously (Ahrari et al., 2022; Gimunová et 
al., 2024). All studies identified in the search were imported into Rayyan systematic 
review software (Ouzzani et al., 2016), facilitating selection. Rayyan software’s 
key features enable the import of articles from databases, highlighting keywords to 
help the selection process and track decisions about the article during the screening 
process (e.g., included, excluded). Exclusion criteria included animal studies, non-
English language, review articles, conference papers, books, and book chapters, and 
no full text available. Additionally, data from women taking oral contraception or 
with any musculoskeletal or neurological disease affecting postural stability were 
not considered. The title and abstract of the remaining studies were screened. The 
full texts of the included studies were screened to confirm the relevance of these 
studies to this systematic review. Artificial intelligence was not used in these steps; 
the author performed the whole screening process. Figure 1 summarizes the study 
selection process in the PRISMA flow diagram as suggested in PRISMA guidelines 
(Page et al., 2021).
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For data extraction, a  pre-defined form in Microsoft Excel consisting of (i) 
study characteristics (author(s), publication year and country, sample size, and 
characteristics); (ii) menstrual cycle measurement; and (iii) analyzed postural stability 
parameters and its measurement; and (iv) results were used.

Selected relevant items from Downs and Black Quality Assessment Checklist 
(Downs and Black, 1998) were used to perform the methodological quality assessment 
of included studies focusing on the quality of reporting, external and internal validity, 
and statistical power. The original Downs and Black Quality Assessment Checklist 
consists of 27 questions (Downs and Black, 1998). For this systematic review, the 
following items were considered relevant. A similar approach was used in previous 
review studies (e.g., Gimunová et al., 2022c; Paludo et al., 2022).

Figure 1.  PRISMA flow diagram of the study selection process (template from Page et al., 
2021)
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  1.	Is the hypothesis/aim/objective clearly described?
  2.	Are the main outcomes to be measured clearly described in the Introduction 

or Methods section?
  3.	Are the characteristics of the participants included in the study clearly 

described?
  4.	Are the main findings of the study clearly described?
  5.	Does the study provide estimates of random variability provided for main 

outcomes?
  6.	Have the probability values been reported for the main outcomes?
  7.	Were the subjects asked to participate in the study representative of the entire 

population from which they were recruited?
  8.	Were those subjects who were prepared to participate representative of the 

entire population from which they were recruited?
  9.	If any of the results of the study were based on “data dredging”, was this made 

clear?
10.	Were the statistical tests used to assess the main outcomes appropriate? 
11.	Were the outcome measures used accurate (valid and reliable)?
12.	Were losses of patients to follow-up taken into account? 
13.	Did the study have sufficient power to detect a clinically important effect 

where the probability value for a difference due to chance is less than 5%?

A binary score for each question was used: 0 = no/unable to determine, 1 = yes. The 
final score (in %) was classified as follows: < 45.4% “poor” methodological quality; 
45.5–61.0% “fair” methodological quality; and > 61.0% “good” methodological 
quality (Meignié et al., 2021). The quality assessment was not used to exclude any 
study. 

Results 
By the databases search, 747 studies were identified (PubMed: 235 studies, Web of 
Science: 164 studies, Scopus: 348 studies). After duplicate removal (254 studies), 
animal studies, wrong publication types (e.g., review, book chapter, letter to editor, 
conference abstract), and studies in other language than English were excluded 
(106 studies). In 387 studies, titles and abstracts were screened, and 345 studies were 
excluded as they did not describe postural stability parameters about the menstrual 
cycle. In the last stage, the full texts of the remaining 38 studies were read, and after 
excluding 16 studies that did not match the topic, 22 studies were included in this 
systematic review. 

The final score of the Downs and Black Quality Assessment Checklist evaluating 
the methodological quality of included studies (Table 1) ranged from 66.7% 
(Darlington et al., 2001; Fridén et al., 2005; Lee et al., 2017; Sung and Kim, 2018) to 
91.7% (Elvan et al., 2023; Lee and Petrofsky, 2018), indicating a good methodological 
quality.
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Table 1.  Final score of methodological quality of included studies

Classification Final score Study

Good 
methodological 
quality

91.7% Elvan et al., 2023; Lee and Petrofsky, 2018

84.6% Kacem et al., 2017

83.3%
Abt et al., 2007; Ericksen et al., 2012; Hertel et al., 2006; 
Lee and Yim, 2016; Ozer Kaya and Toprak Celenay, 2016; 
Senol et al., 2021

76.9% Keklicek et al., 2021

75.0%

Ates and Unluer, 2020; Emami et al., 2018; Guler et al., 
2020; Mokošáková et al., 2018; Muniandy et al., 2023; 
Petrofsky and Lee, 2015; Reschechtko et al., 2023;  
Yim et al., 2018

66.7% Darlington et al., 2001; Fridén et al., 2005; Lee et al., 
2017; Sung and Kim, 2018 

Table 2.  Downs and Black Quality Assessment Checklist of included studies

  Reporting External 
validity Internal validity Power

  Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13

Darlington et al. 
(2001) 0 1 1 1 1 0 1 UD 1 1 1 0 0

Fridén et al. (2005) 0 1 1 1 1 0 1 UD 1 1 1 0 0

Hertel et al. (2006) 1 1 1 1 1 1 1 UD 1 1 1 0 0

Abt et al. (2007) 1 1 1 1 1 1 1 UD 1 1 1 0 0

Ericksen et al. (2012) 1 1 1 1 1 1 1 UD 1 1 1 0 0

Petrofsky and Lee 
(2015) 0 1 1 1 1 1 1 UD 1 1 1 0 0

Ozer Kaya and 
Toprak Celenay 
(2016)

1 1 1 1 1 1 1 UD 1 1 1 0 0

Lee and Yim (2016) 1 1 1 1 1 0 1 UD 1 1 1 1 0

Lee et al. (2017) 0 1 1 1 1 0 1 UD 1 1 1 0 0

Emami et al. (2018) 1 1 1 1 1 0 1 UD 1 1 1 0 0

Lee and Petrofsky 
(2018) 1 1 1 1 1 1 1 UD 1 1 1 0 1

Mokošáková et al. 
(2018) 0 1 1 1 1 1 1 UD 1 1 1 0 0

Sung and Kim (2018) 0 1 1 1 1 0 1 UD 1 1 1 0 0
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  Reporting External 
validity Internal validity Power

  Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 Q12 Q13

Yim et al. (2018) 1 1 1 1 1 0 1 UD 1 1 1 0 0

Ates and Unluer 
(2020) 0 1 1 1 1 1 1 UD 1 1 1 0 0

Guler et al. (2020) 0 1 1 1 1 1 1 UD 1 1 1 0 0

Kacem et al. (2021) 0 1 1 1 1 1 1 1 1 1 1 0 1

Keklicek et al. (2021) 0 1 1 1 1 1 1 1 1 1 1 0 0

Senol et al. (2021) 1 1 1 1 1 1 1 UD 1 1 1 0 0

Reschechtko et al. 
(2023) 0 1 1 1 1 1 1 UD 1 1 1 0 0

Elvan et al. (2023) 1 1 1 1 1 1 1 UD 1 1 1 0 1

Muniandy et al. 
(2023) 0 1 1 1 1 0 1 UD 1 1 1 0 1

UD: unable to determine

The most common methodological deficit was not describing the study hypothesis, 
not reporting the probability values, not reporting the losses of participants during the 
follow-up, and no sample size calculation (Table 2). The representativeness of the 
entire population was not possible to determine based on the method description.

The included studies’ publication years ranged from 2001 (Darlington et al., 2001) 
to 2023 (Elvan et al., 2023; Muniandy et al., 2023; Reschechtko et al., 2023). From 
included studies, six studies were from Turkey (Ates and Unluer, 2020; Elvan et al., 
2023; Guler et al., 2020; Keklicek et al., 2021; Ozer Kaya and Toprak Celenay, 2016; 
Senol et al., 2021), five studies were from the USA (Abt et al., 2007; Ericksen et al., 
2012; Hertel et al., 2006; Petrofsky and Lee, 2015; Reschechtko et al., 2023), five 
studies were from Korea (Lee et al., 2017; Lee and Yim, 2016; Lee and Petrofsky, 
2018; Sung and Kim, 2018; Yim et al., 2018), one study was from Malaysia 
(Muniandy et al., 2023), New Zealand (Darlington et al., 2001), Iran (Emami et al., 
2018), Slovakia (Mokošáková et al., 2018), Sweden (Fridén et al., 2005) and Tunisia 
(Kacem et al., 2017).

The sample sizes of included studies ranged between 9 (Fridén et al., 2005) to 
63 participants (Elvan et al., 2023). In most studies, menstrual cycle phases were 
assessed by the day of the cycle. Additionally, to confirm ovulation, eight of the 
included studies used self-administrated ovulation tests (Abt et al., 2007; Elvan et 
al., 2023; Ericksen et al., 2012; Fridén et al., 2005; Hertel et al., 2006; Kacem et al., 
2021; Lee and Yim, 2016; Yim et al., 2018), one study used saliva ferning (Ates and 
Unluer, 2020), or oral basal body temperature measurement (Sung and Kim, 2018). 
A study by Darlington et al. (2001) analyzed data from two menstrual cycles, a study 
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by Fridén et al. (2005) analyzed data from two to three menstrual cycles, and the 
rest of the included studies analyzed data from one menstrual cycle. In Table 3, the 
characteristics of the included studies are shown. 

Table 3.  Sample characteristics of included studies and the methods  
of menstrual cycle monitoring

Authors Country Sample 
size Age Menstrual cycle 

monitoring
Phases 

comparison

Darlington 
et al. (2001)

New 
Zealand 12 21.9 ± 4.0 day of the cycle day 5, 12, 21, 25

Fridén et al. 
(2005) Sweden 9 26 ± 2 day of the cycle 

+ ovulation test

day 3–5, 
ovulation, 
7 days after 
ovulation

Hertel et al. 
(2006) USA 14 19.3 ± 1.3 day of the cycle 

+ ovulation test

day 4–7, 
ovulation, 
7–10 days after 
ovulation

Abt et al. 
(2007) USA 10 21.4 ± 1.4 day of the cycle 

+ ovulation test

day 3, 24–36 h 
after ovulation, 
7 days after 
ovulation

Ericksen et al. 
(2012) USA 20 23.8 ± 6.5 day of the cycle 

+ ovulation test

5 days before 
ovulation, 
5 days after 
ovulation

Petrofsky and 
Lee (2015) USA 15 25.7 ± 2.1 day of the cycle menstruation 

and ovulation

Ozer Kaya 
and Toprak 
Celenay 
(2016)

Turkey 13 21.00 ± 1.25 day of the cycle day 1, 7–9, 
20–23

Lee and Yim 
(2016) Korea 14 20.34 ± 1.39 day of the cycle 

+ ovulation test
day 1–3, 
ovulation

Lee et al. 
(2017) Korea 18 19.11 ± 0.9 day of the cycle

day 1–3, 
ovulation  
(day 12–13)

Emami et al. 
(2018) Iran 30 18 to 25 day of the cycle 

+ ovulation test

day 3–5, 
ovulation  
(day 12–14)

Lee, Petrofsky 
(2018) Korea 15 25.9 ± 1.8 day of the cycle

day 1–3, 
ovulation  
(day 12–14)
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Authors Country Sample 
size Age Menstrual cycle 

monitoring
Phases 

comparison

Mokošáková 
et al. (2018) Slovakia 11 24.64 ± 1.52 day of the cycle day 2, 7, 14, 21, 

28

Sung and Kim 
(2018) Korea 32 19.83 ± 0.92

day of the 
cycle + oral 
basal body 
temperature 
monitoring

day 5, ovulation,  
day 25

Yim et al. 
(2018) Korea 20 20.67 ± 1.6 day of the cycle 

+ ovulation test
day 1–3, 
ovulation

Ates and 
Unluer (2020) Turkey 13 35.15 ± 7.19 day of the cycle 

+ saliva ferning 

day 1–3, 
ovulation, 
7 days after 
ovulation

Guler et al. 
(2020) Turkey 19 20.47 ± 1.07 day of the cycle day 2–3, 14, 21

Kacem et al. 
(2021) Tunisia 12 21.0 ± 1.6 day of the cycle 

+ ovulation test day 13, 21, 27 

Keklicek et al. 
(2021) Turkey 22 18 to 30 day of the cycle day 1, feeling 

good day

Senol et al. 
(2021) Turkey 43 19 to 23 day of the cycle day 1–3, 12–17, 

18–23, 24–28

Reschechtko 
et al. (2023) USA 19 21.89 ± 2.08 day of the cycle days 2, 4, 11, 21

Elvan et al. 
(2023) Turkey 63 19 to 26 day of the cycle 

+ ovulation test

preovulatory, 
post-ovulatory 
phase

Muniandy 
et al. (2023) Malaysia 45 18 to 26 day of the cycle day 1–3, 12–13

Dynamic postural stability was measured by a  star excursion balance test 
(Ericksen et al., 2012), its modification Y-balance test (Emami et al., 2018; Kacem 
et al., 2021; Muniandy et al., 2023), and by measuring limits of stability on 
a  force platform (Ozer Kaya and Toprak Celenay, 2016; Sung et Kim, 2018; Ates 
and Unluer, 2020; Guler et al., 2020). During the star excursion balance test, the 
participant must maintain a single-leg stance while reaching as far as possible in eight 
positions with the contralateral leg (Ericksen et al., 2012). During the Y-balance test, 
the participant maintains a single-leg stance while reaching out in three directions 
(Emami et al., 2018; Muniandy et al., 2023). Limits of stability represent the maximal 
distance a participant can intentionally sway in a given direction while maintaining 
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a two-legged stance (Ozer Kaya and Toprak Celenay, 2016; Sung et Kim, 2018; Ates 
and Unluer, 2020; Guler et al., 2020).

Different balance and force platforms measured static postural stability (Table 4). 
Biodex balance system was used in four studies (Ozer Kaya and Toprak Celenay, 2016; 
Ates and Unluer, 2020; Guler et al., 2020; Senol et al., 2021), Zebris platform was used 
in three studies (Keklicek et al., 2021; Lee and Yim, 2016; Yim et al., 2018) and AMTI 
platform was used in two studies (Fridén et al., 2005; Hertel et al., 2006). The static 
postural stability measurement differed by the stance conditions: feet position (feet 
apart, together, tandem, single leg stance), visual feedback (eyes open, eyes closed), 
the surface of the force plate (firm or foam), and by the measured time which ranged 
from 6 (Petrofsky and Lee, 2015; Lee and Petrofsky, 2018) to 120 seconds (Fridén et 
al., 2005). Two studies used a clinical test of sensory interaction on balance (CTSIB) 
protocol assessing the sensory contribution to postural control (Darlington et al., 2001; 
Elvan et al., 2023). A timed single-leg stance test as a balance assessment was used 
in one study (Emami et al., 2018). A quiet stance with dual-tasks was used in a study 
by Keklicek et al. (2021). The motor dual-task consisted of standing when holding 
7 cubes, and the cognitive dual-task consisted of standing when subtracting the number 
7 from the number greater than 200 given by a researcher (Keklicek et al., 2021).

Table 4.  Postural stability analysis characteristics of included studies

Authors Static postural stability measurement
Dynamic 

postural stability 
measurement

Darlington et al. 
(2001)

balance platform, CTSIB protocol using 12 tests 
(feet apart, feet together, firm and foam surface, 
EO, EC, 20 s)

Fridén et al. (2005) force platform (AMTI), feet together, EO, EC 
(120 s), and single leg EO (30 s)

Hertel et al. (2006) force platform (AMTI Accusway), single leg 
stance EO (10 s)

Abt et al. (2007) force plate (Kistler), single leg stance EO (10 s)

Ericksen et al. 
(2012)

star excursion 
balance test

Petrofsky and Lee 
(2015)

force platform, 8 tasks (feet apart, feet tandem, 
firm and foam surface, EO, EC, 6 s)

Ozer Kaya and 
Toprak Celenay 
(2016)

Biodex balance system, OSI LoS

Lee and Yim 
(2016)

force platform (Zebris), 8 tasks (EO, EC, firm and 
foam surface, feet apart, feet tandem, 10 s)
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Authors Static postural stability measurement
Dynamic 

postural stability 
measurement

Lee et al. (2017) force plate (Good balance system), feet apart 
(30 s)

Emami et al. 
(2018) single-leg stance test Y-balance test

Lee and Petrofsky 
(2018)

force platform, 8 tasks (feet apart, feet tandem, 
firm and foam surface, EO, EC, 6 s)

Mokošáková et al. 
(2018)

force platform, 4 tasks (firm and foam surface, 
EO, EC, 50 s)

Sung and Kim 
(2018)

Biodex balance 
system, LoS

Yim et al. (2018) force platform (Zebris), feet tandem, foam 
surface (10 s)

Ates and Unluer 
(2020) Biodex balance system, OSI (EO, EC, 20 s) Biodex balance 

system, LoS (10 s)

Guler et al. (2020) Biodex balance system, OSI (EO, EC, 20 s) Biodex balance 
system, LoS

Kacem et al. 
(2021)

stabilometric platform, single leg stance (EO, EC, 
25.6 s)

Keklicek et al. 
(2021)

force platform (Zebris), feet apart, (60 s) and 
with dual-tasks

Senol et al. (2021) Biodex balance system, OSI (EO, 20 s)

Reschechtko et al. 
(2023)

force plate (BtrackS Balance Test), feet apart, EC 
(20 s)

Elvan et al. (2023)
force platform (Balance master tester), CTSIB 
protocol (two feet, EO, EC, firm surface, 10 s), 
single leg stance

force platform 
(Balance master 
tester), LoS

Muniandy et al. 
(2023)   Y-balance test

EO: eyes open; EC: eyes closed; OSI: overall stability index; LoS: limits of stability, CTSIB: clinical test 
of sensory interaction on balance protocol

In Table 5, the main results of the included studies are summarized. Results 
of the Y-balance test suggest better dynamic stability near ovulation compared to 
menstruation (Emami et al., 2018; Muniandy et al., 2023), deteriorated results of 
the Y-balance test were observed in the late luteal phase (Kacem et al., 2021). The 
star excursion balance test showed no significant difference between the analyzed 
menstrual cycle phases (Ericksen et al., 2012). The limits of stability test results are 
contradictory. Better results of limits of stability were observed in post-ovulatory 
(Elvan et al., 2023), ovulatory (Sung and Kim, 2018), or luteal phase (Ates and 
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Unluer, 2020), and deteriorated results were observed during menstruation (Ozer 
Kaya and Toprak Celenay, 2016) and ovulatory phases (Guler et al., 2020).

The results of a single-leg stance were observed not to differ across the menstrual 
cycle (Abt et al., 2007; Hertel et al., 2006) or to be better at ovulation (Emami et 
al., 2018). Similarly, the overall stability index was observed to not differ across the 
menstrual cycle (Ates and Unluer, 2020; Guler et al., 2020; Kaya et Celenay, 2016) or 
to deteriorate during menstruation (Senol et al., 2021). A poorer balance was observed 
when CoP sway length was measured at ovulation (Petrofsky and Lee, 2015). In 
other studies, the CoP sway length did not differ across the cycle (Keklicek et al., 
2021; Reschechtko et al., 2023; Yim et al., 2018). Greater postural sway velocity 
was observed at ovulation in four studies (Lee and Petrofsky, 2018; Lee et al., 2017; 
Lee and Yim, 2016; Yim et al., 2018) and no change across the cycle in one study 
(Elvan et al., 2023). Greater postural sway velocity at ovulation was observed during 
the two most challenging balance tasks; however, no change was observed for more 
manageable tasks across the cycle in a study by Lee and Yim (2016). The ellipse area 
was not affected by the menstrual cycle in three studies (Elvan et al., 2023; Fridén et 
al., 2005; Kacem et al., 2021), and increased ellipse area was observed at ovulation 
by Lee and Petrofsky (2018). Anterior-posterior CoP excursions were observed to be 
greater at ovulation in three studies (Lee et al., 2017; Mokošáková et al., 2018; Yim 
et al., 2018) and not to be affected by the cycle in six studies (Darlington et al., 2001; 
Elvan et al., 2023; Fridén et al., 2005; Kacem et al., 2021; Keklicek et al., 2021; Guler 
et al., 2020). Medio-lateral CoP excursions were more significant at ovulation in two 
studies (Lee et al., 2017; Yim et al., 2018). On the other hand, a study by Darlington 
et al. (2001) observed greater medio-lateral CoP excursions on days 5 and 25. Six 
different studies observed no significant difference in medio-lateral CoP across the 
menstrual cycle (Elvan et al., 2023; Fridén et al., 2005; Guler et al., 2020; Kacem et 
al., 2021; Keklicek et al., 2021; Mokošáková et al., 2018).

Discussion
A systematic review was performed to summarize the available literature focused on 
the effect of the menstrual cycle on postural stability. Twenty-two relevant studies 
were identified during the systematic review process. Their results show that the 
menstrual cycle might affect postural stability. Dynamic postural stability tested by 
the Y-balance test shows deteriorated results during the early follicular phase when 
the menstrual bleeding occurs compared to ovulation (Emami et al., 2018; Muniandy 
et al., 2023), and during the late luteal phase when premenstrual syndrome symptoms 
may occur (Kacem et al., 2021). Static postural stability seems to deteriorate during 
ovulation when greater ligament laxity was described due to the peak of estrogen 
levels (Chidi-Ogbolu and Baar, 2019; N-Wihlbäck et al., 2006; Taraborrelli, 2015), 
as greater CoP sway excursions were observed in this phase compared to other phases 
of the cycle. However, the contradictory results of the included studies make the 
generalization difficult.
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In a study by Petrofsky and Lee (2015), it was stressed that the day of measurement 
and ovulation test confirmation is crucial as estradiol peaks at ovulation and then 
falls. Nevertheless, the results are still ambiguous when considering only 10 studies 
that confirmed the ovulation phase by ovulation tests. Half of these studies found 
no effect of the menstrual cycle on postural stability (Abt et al., 2007; Ericksen et 
al., 2012; Fridén et al., 2005; Hertel et al., 2006; Kacem et al., 2021). Two studies 
found deteriorated results of static postural stability at ovulation (Lee and Yim, 2016; 
Yim et al., 2018), two studies reported better results of dynamic postural stability at 
ovulation (Emami et al., 2018; Sung and Kim), and one study observed deteriorated 
results of dynamic postural stability during menstruation (Ates and Unluer, 2020). 
Future studies are needed to clarify the effect of the menstrual cycle on postural 
stability.

Premenstrual syndrome, primary dysmenorrhea, and oral contraceptives are other 
factors affecting the postural stability changes across the cycle (Fridén et al., 2005; 
Keklicek et al., 2021; Mokošáková et al., 2018). Estrogen levels vary across the 
natural menstrual cycle with a peak during ovulation. Estrogens decrease stiffness 
in tendons and ligaments, which is considered one of the key factors in deteriorated 
postural stability during ovulation (Chidi-Ogbolu and Baar, 2019; N-Wihlbäck et al., 
2006; Taraborrelli, 2015). On the other hand, oral contraceptives stabilize estrogen 
levels, possibly decreasing postural stability differences across the cycle. 

Oral contraceptives were observed to decrease anterior-posterior CoP excursions 
during a quiet stance with eyes open compared to naturally cycling women during 
the late luteal phase. This finding indicates a positive effect of oral contraceptives 
on postural stability when naturally cycling women may experience symptoms of 
premenstrual syndrome (Mokošáková et al., 2018). On the other hand, no difference 
between oral contraception users and naturally cycling women was observed in 
postural sway across the menstrual cycle in a study by Reschechtko et al. (2023).

Premenstrual syndrome is a common cyclic disorder in women of reproductive 
age, and it consists of both emotional and physical symptoms such as mood lability, 
breast tenderness, bloating, headache, and fatigue, which can affect daily activities. 
More severe affective symptoms are classified as premenstrual dysphoric disorder 
(Dickerson et al., 2003; Yonkers et al., 2008). Some of the premenstrual syndrome 
symptoms were reported in 100% of participants in Palestine (Abu Alwafa et al., 
2021). In Turkey, the reported prevalence of premenstrual syndrome was 66% (Erbil 
and Yucesoy, 2023). In Brazil, the observed prevalence of premenstrual syndrome 
was 46.9%, and 11.1% of participants suffered from premenstrual dysphoric disorder 
(Rezende et al., 2022). In women with premenstrual syndrome, a  deteriorated 
postural stability during a single leg stance during the mid-luteal phase of the cycle 
compared to women without premenstrual syndrome was observed in a  study by 
Fridén et al. (2005), suggesting that premenstrual syndrome can affect the postural 
stability. Furthermore, physical symptoms of premenstrual syndrome were observed 
to increase the risk of fracture in adolescent athletes (Takeda et al., 2016).
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Primary dysmenorrhea, defined as painful menstruation in the absence of any 
other pathology, affects between 45 and 95% of menstruating women. Primary 
dysmenorrhea has an immediate negative effect on the quality of life, mood, sleep 
quality, and daily activities during menstruation (Iacovides et al., 2015). Primary 
dysmenorrhea is caused by the overproduction of prostaglandins by the endometrium, 
which leads to uterine hypercontractility, resulting in uterine muscle ischemia, 
hypoxia, and pain (Guimaraes and Povoa, 2020). Up to 88% of women with primary 
dysmenorrhea report a  negative effect on academic performance, and up to 38% 
report limited sports participation during menstruation (Hailemeskel et al., 2016). 
The negative impact of primary dysmenorrhea during menstruation on leg strength 
and aerobic capacity was observed previously (Chantler et al., 2009). Keklicek et al. 
(2021) observed deteriorated postural stability during menstruation in women with 
primary dysmenorrhea when loaded with cognitive or motor dual-tasks compared 
to women without dysmenorrhea. Their findings show that primary dysmenorrhea 
is not only a specific pain disorder but affects the general condition of the person, 
making dual-tasking difficult. Their study compared day 1 of the menstrual cycle and 
other days without menstruation when women reported feeling well (Keklicek et al., 
2021). Therefore, future studies on the effect of dual-tasks on postural stability across 
the menstrual cycle are needed to clarify the influence of estrogen variation on the 
relationship between cognitive processing and motor behavior.

Limitations of this review
The focus on different postural stability parameters, diverse methodological 
approaches, and different measurement devices used in included studies are significant 
limitations for generalizing the results. The various criteria of menstrual cycle phases 
definition and the difference in analyzed menstrual cycle phases constitute another 
limitation of this review.

Conclusions
Twenty-two studies were included in this systematic review. Results of sixteen of 
the included studies show that the menstrual cycle affects both static and dynamic 
postural stability. Six studies observed no significant difference in postural stability 
across the menstrual cycle. Most of these studies observed deteriorated results during 
the early follicular phase in dynamic postural stability and at ovulation in static 
postural stability. However, the ambiguous results of the included studies show the 
need for future research.
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The effect of the menstrual cycle on postural stability  
in situations with and without dual-task

This study aimed to analyze the effect of different menstrual cycle phases on postural 
stability. This research also aimed to investigate the impact of dual-tasks on postural 
stability across the menstrual cycle to clarify the influence of estrogen variation on 
cognitive processing relationship to motor behavior.

Methods
Type of the study: experimental study
A total of 49 women were evaluated as potential participants in this study. Due to 
the repeated-measures design of this study and related time demands, 28 women 
completed measurements three times during their menstrual cycle (at the early 
follicular phase, ovulation, and mid-luteal phase), and their results are presented. The 
inclusion criteria comprised the age between 18 and 35 years and having a regular 
menstrual cycle (eumenorrhea). The exclusion criteria consisted of using oral 
contraceptives in the last 6 months, pregnancy in the previous 3 years, having any 
orthopedic or neurological disease, or taking regular medication.

Participants’ anthropometric and menstrual cycle characteristics are shown in 
Table 6. All participants (n = 28, 100%) report adverse menstrual symptoms during 
menstruation, such as abdominal pain, low back pain, headache, or fatigue. In most 
participants (n = 27; 96.4%), the duration of adverse symptoms is the first 2 days 
of menstruation, and one participant (n = 1; 3.6%) reported the duration of adverse 
symptoms during the whole menstruation. Furthermore, 10 participants (35.7%) 
reported lower engagement in physical activity during menstruation, 9 participants 
(32.1%) reported missing work or school due to adverse menstrual symptoms, and 
17 participants (60.7%) used painkillers at least once in 6 months to lower the adverse 
menstrual symptoms.

Table 6.  Participants’ anthropometric and menstrual cycle characteristics (n = 28)

Median x25–x75

Age (years) 23.00 21.75–28.25

Body height (cm) 169.50 165.00–172.25

Body mass (kg) 61.50 60.00–66.25

BMI 22.05 21.16–23.75

Menstrual cycle length (days) 28.00 26.75–29.00

Menstruation length (days) 5.00 4.00–6.00

Age of menarche (years) 13.00 12.00–14.00
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Study design
Participants were measured three times during the menstrual cycle: at early follicular 
phase (day 2 of menstruation), at ovulation (up to 48h after confirming ovulation by 
the ovulation test), and at mid-luteal phase (7 days after ovulation). The study design 
is shown in Figure 2. Participants were informed about the study’s aim and design 
during a first informative visit to the Faculty of Sports Studies, Masaryk University, 
Brno, Czech Republic. Participants were given ovulation test kits detecting LH in 
urine for at-home use (Livsane test, Core technology) and instructed to contact the 
researcher when ovulation was confirmed or menstruation occurred. Ovulation test 
kits were used regularly from day 6 to 15 of the menstrual cycle, depending on the 
length of the menstrual cycle, until the ovulation was confirmed. Participants also 
filled out a short questionnaire about their menstrual cycle characteristics, body mass, 
and height, which were measured using InBody 720 and a  stadiometer (SECA). 
Additionally, written informed consent was obtained from the participants during the 
first visit. The study was approved by the Research Ethics Committee of Masaryk 
University (EKV-2021-109).

The measurements were identical during the early follicular, ovulation, and mid-
luteal phases. To avoid the possible order and training effect in repeated measured 
study design as recommended by Schmalenberger et al. (2020), 18 women started the 
measurements at the early follicular phase, and 10 women began the measurements 
at ovulation. During the measurement, participants were asked to stand as still as 
possible on a Zebris platform (FDM, GmbH, Munich, Germany) for 30 s, narrow 
stance, upper limbs alongside the body, seven times: when having eyes open, eyes 
closed, eyes open, eyes closed, eyes open with the mathematical dual-task, eyes 
open with shirt buttoning dual-task, eyes open with smartphone reading dual-task 
(Figure 3). The better attempt (defined as a shorter CoP path) from the two eyes open 
and eyes closed measurements were used in further analysis.

Figure 2.  Study design flow diagram. 28 women completed the study: 18 women started 
the measurements at the early follicular phase, and 10 women began the measurements at 
ovulation
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During the mathematical dual-task, participants were asked to stand as still as 
possible and simultaneously count backward from the number greater than 200 the 
researcher told her. Participants made calculations by subtracting 7 from each number. 
A different starting number was used for each measurement. During the shirt buttoning 
dual-task, participants were asked to stand as still as possible and simultaneously 
perform shirt buttoning. During a dual-task smartphone reading, participants were 
asked to stand as still as possible and simultaneously read an article from the Faculty 
of Sport Studies, Masaryk University webpage on their smartphone.

The following variables were obtained from the Zebris software:
•	 Anterior-posterior CoP path (mm): the sum of anterior-posterior CoP sways
•	 Medio-lateral CoP path (mm): the sum of medio-lateral CoP sways
•	 CoP path (mm): the sum of all CoP sways
•	 CoP average velocity (mm/s): the average velocity of CoP sways calculated as 

the CoP path divided by the measured time
•	 Force left foot (%): average load distribution of the left foot
•	 Force right foot (%): average load distribution of the right foot

After the postural stability measurements, the gait measurements followed (for 
more information, see Chapter 3).

Statistical analysis
Most of the variables did not satisfy the assumption of normal distribution, as 
assessed by the Shapiro-Wilk test. Descriptive statistics are presented as median, 
lower quartile (x25), and upper quartile (x75). Friedman Analysis of Variance 
(ANOVA) was employed to assess variations in postural stability across different 
phases of the menstrual cycle under conditions of eyes open, eyes closed, dual 
mathematical task, shirt buttoning task, and smartphone reading task. A Bonferroni 

Figure 3.  Postural stability measurement design
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correction was applied to mitigate the risk of Type I error, adjusting the alpha level to 
0.013. Additionally, Friedman ANOVA with Bonferroni correction (adjusted alpha set 
at 0.013) was used to examine cognitive-motor interference, specifically differences 
in postural stability under conditions of eyes open, eyes closed, and during dual-tasks 
across the various phases of the menstrual cycle. To assess the effect size, Cohen’s 
w was used (< 0.30 small effect; 0.30–0.50 medium effect; > 0.50 large effect). The 
statistical analyses were conducted using IBM SPSS Statistics (Armonk, NY, USA).

Results
Postural stability eyes open
When comparing postural stability during different phases of the menstrual cycle 
(Table 7), statistically significant deterioration in CoP path and CoP average velocity 
was observed at ovulation compared to the early follicular phase (p = 0.013; Cohen’s 
w = 0.155).

Postural stability eyes closed
No statistically significant difference in analyzed postural stability parameters 
when having eyes closed (Table 8) was observed between the early follicular phase 
ovulation and mid-luteal phase.

Postural stability with a mathematical task
No statistically significant difference after Bonferroni corrections in analyzed postural 
stability parameters (Table 9) was observed between the early follicular ovulation 
and mid-luteal phase when performing mathematical tasks.

Postural stability with shirt buttoning task
No statistically significant difference after Bonferroni corrections in analyzed 
postural stability parameters (Table 10) when performing the shirt buttoning task was 
observed between the early follicular phase ovulation and mid-luteal phase.

Postural stability with smartphone task
When comparing postural stability with smartphone reading tasks during different 
phases of the menstrual cycle (Table 11), statistically significant deterioration in CoP 
path and CoP average velocity was observed at the mid-luteal phase compared to 
ovulation (p = 0.002; Cohen’s w = 0.219).

Cognitive-motor interference during different phases of menstrual cycle
Cognitive-motor interference was observed when comparing the postural stability 
with eyes open and postural stability with dual-tasks with a  small to large effect 
calculated by Cohen’s w (Table 12). The significantly better results of CoP path 
and CoP average velocity were observed when having eyes open compared to eyes 
closed, postural stability with mathematical, shirt buttoning, and smartphone reading 
dual-tasks (p < 0.001). During the early follicular phase, the force on the right foot 
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was greater during single task condition compared to the mathematical dual-task 
(p < 0.001). On the other foot, the force was significantly lower when having eyes 
open compared to the mathematical dual-task (p < 0.001). During the early follicular 
phase, the anterior-posterior CoP path was substantially longer with the smartphone 
reading task compared to the eyes closed, mathematical task, and shirt buttoning task 
(p < 0.001). Additionally, at ovulation and mid-luteal phase, the force of the right 
foot was significantly higher with smartphone reading dual-task compared to the shirt 
buttoning task and other dual-tasks (p = 0.011 and p < 0.001, respectively).

Discussion
Postural stability parameters were analyzed at three phases of the menstrual cycle: 
the early follicular phase, ovulation, and mid-luteal phase. During each data 
measurement session, data from postural stability, such as when having eyes open, 
eyes closed, and eyes open with three different dual-tasks were obtained. Results 
show that the postural stability with eyes open is affected during ovulation when the 
CoP path and CoP average velocity are significantly higher. Postural stability with 
smartphone reading dual-task significantly deteriorated during the mid-luteal phase 
of the cycle, observed by higher CoP path and CoP average velocity. No difference 
in eyes closed and mathematical and shirt buttoning dual-task postural stability 
performance between analyzed menstrual cycle phases was observed. The cognitive-
motor interference was observed in the CoP path and CoP average velocity at all 
analyzed phases of the cycle.

The systematic review results in this chapter show that postural stability can be 
affected by the menstrual cycle. Similarly to the results of this study, static postural 
stability was reported to deteriorate at ovulation previously. At ovulation, greater CoP 
sway length was reported by Petrofsky and Lee (2015), and greater postural sway 
velocity was reported by Lee and Petrofsky (2018), Lee et al. (2017), Lee and Yim 
(2016), and Yim et al. (2018). At ovulation, when the estradiol levels are highest, 
a higher general ankle joint laxity, higher elasticity of plantar fascia, which supports 
the foot arch, and higher anterior cruciate ligament laxity were observed (Lee et al., 
2013; Petrofsky and Lee, 2015; Yamazaki et al., 2021). A previous study by Shultz 
et al. (2012) confirmed that sex hormone concentration changes across the menstrual 
cycle are sufficient to influence collagen metabolism and associated joint function 
(Shultz et al., 2012). The generalized joint laxity and generalized joint hypermobility 
were previously associated with impaired postural stability parameters in women 
(Aydin et al., 2017; Steinberg et al., 2021). It can be assumed that increased joint 
laxity at ovulation affects the performance of postural stability. However, some of 
the previous studies reported no change in CoP sway length and CoP sway velocity 
across the menstrual cycle (Elvan et al., 2023; Keklicek et al., 2021; Reschechtko et 
al., 2023; Yim et al., 2018).

When the sensory input is limited, e.g., by closing the eyes, the postural stability 
was observed to be affected (Andreeva et al., 2021; Carneiro et al., 2012; Choy et 
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al., 2003; Palm et al., 2009). Similarly, the findings of this study show a significant 
deterioration in postural stability when comparing eyes closed and eyes open 
conditions. There was no change across the menstrual cycle in postural stability 
when limiting the visual input. A previous study by Andreeva et al. (2021) shows 
that practicing sports can lead to a more negligible deterioration in postural stability 
when closing the eyes. On the other hand, with age and obesity, the deterioration in 
postural stability when having eyes closed is more evident (Carneiro et al., 2012; 
Choy et al., 2003).

Standing while using a smartphone is a frequent dual-task in daily living. During 
the mid-luteal phase, significant deterioration of postural stability with smartphone 
reading task was observed in this study. Previously, higher CoP path and CoP velocity 
were observed while texting and talking on a smartphone compared to quiet standing 
in healthy young adults (Onofrei et al., 2020; Nurwulan et al., 2015). Studies by 
Onofrei et al. (2020) and Nurwulan et al. (2015) identified texting on a smartphone as 
more demanding than talking on a smartphone. During the late luteal phase, cognitive 
functions were observed to deteriorate compared to ovulation (Guven Yorgun and 
Ozakbas, 2019), which might be the reason why significant deterioration of postural 
stability with smartphone reading task was observed in the mid-luteal phase in 
this study. The significant differences in left and right foot force distribution when 
performing smartphone reading dual-tasks compared to other dual-tasks might reflect 
holding the smartphone.

In previous studies, the deterioration of postural stability parameters during 
cognitive or motor dual-tasks has been associated with an increased risk of falls and 
injuries (Agmon et al., 2014; Glenn et al., 2015). During all analyzed phases of the 
menstrual cycle, significant deterioration of CoP path and CoP average velocity was 
observed when performing mathematical, shirt buttoning, and smartphone reading 
dual-tasks. Similarly, previous studies reported a  substantial decrease in postural 
stability when performing different dual-tasks (e.g., Onofrei et al., 2020; Mujdeci 
et al., 2016). However, some previous studies report significant improvement in 
postural stability or no statistically significant change when performing dual-tasks 
in young adults (e.g., Bernard-Demanze et al., 2009; Dault et al., 2001). A previous 
study by Keklicek et al. (2021) focused on postural stability during the menstrual 
cycle when loaded with cognitive or motor dual-tasks. Their study compared day 1 
of the menstrual cycle and other days without menstruation when women reported 
feeling well. Their results show no significant differences in postural stability in 
situations with and without a dual-task between menstruation and other days without 
menstruation in healthy women. However, in women with primary dysmenorrhea, the 
postural stability was observed to be significantly deteriorated in situations with dual-
tasks showing that individuals with primary dysmenorrhea experience difficulties 
with multi-tasking across the cycle (Keklicek et al., 2021). Similarly, a significant 
deterioration in postural stability parameters with dual-tasks was observed in this 
study. Despite no diagnosis of primary dysmenorrhea, 100% of participants in this 
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study reported adverse menstrual symptoms during menstruation. Future studies will 
bring a more detailed insight into the possible relationship between adverse menstrual 
symptoms and dual-task performance at different phases of the cycle.

The menstrual cycle characteristics of this study’s participants were similar to 
those reported by previous studies. All participants in this study reported adverse 
menstrual symptoms during menstruation, such as abdominal pain, low back pain, 
headache, or fatigue. In previous studies, the prevalence of menstruation-related 
symptoms ranged between 85% (Schoep et al., 2019) and 90% of women (Doohan 
et al., 2023). More than 32% of our participants reported missing work or school due 
to adverse menstrual symptoms. In West African countries, work absenteeism due to 
menstruation ranged between 11% and 19%, and school absenteeism ranged between 
15% and 23% (Hennegan et al., 2021). The reported work and school absenteeism 
in Spain was 20% and 63%, respectively. Spanish women described teleworking, 
or timetable flexibility (76%), and menstrual leave (50%) as preferred menstrual 
management in workplaces (Medina-Perucha et al., 2023). Lower engagement in 
physical activities was described in this study by 32% of participants. In a study by 
Medina-Perucha et al. (2023), up to 80% of women reported not practicing physical 
activities during menstruation. Up to 40% of Netherlands women use painkillers to 
alleviate symptoms and fulfill their daily activities during menstruation (Schoep et 
al., 2019). In our study, up to 61% of participants use painkillers at least once in 
6 months to lower the adverse menstrual symptoms. As Schoep et al. (2019) described 
in European society, there is a shortage of open communication about the menstrual 
cycle. The high prevalence of school and work absenteeism highlights the need for 
supportive menstrual management policies in work and educational environments 
(Medina-Perucha et al., 2023).

Limitations of this study
There are several limitations of this study. As the static postural stability measured 
by CoP sway on a force platform is not a direct measure of balance, some aspects 
of balance associated with changes in hormone levels during the menstrual cycle 
might not be captured. Ovulation kits have been used in previous studies to detect 
ovulation. Still, serum tracking and profiling would be a  more precise option for 
determining the ovulation timing. 

Conclusions
In conclusion, this study provides valuable insight into postural stability changes 
across the menstrual cycle. Confirming previous findings, a deterioration in postural 
stability was observed at ovulation, which is likely linked to increased joint laxity. 
During the mid-luteal phase, significant deterioration of postural stability with 
smartphone reading task was observed in this study. Moreover, during all analyzed 
phases of the menstrual cycle, considerable deterioration of CoP path and CoP 
average velocity was observed when performing mathematical, shirt buttoning, 
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and smartphone reading dual-tasks. These findings show the influence of hormonal 
fluctuations across the menstrual cycle on postural stability and the related risk of 
injuries. Future research might explore these associations, focusing on interventions 
enhancing postural control tailored to the specific menstrual cycle phases.

Does the age at menarche affect postural stability?

Background
Timing of menarche and associated altered hormonal environment may have 
significant health consequences during adulthood in women. Earlier age at menarche 
has been associated with obesity (Pierce and Leon, 2005), higher BMI (Zurawiecka 
and Wronka, 2021; Gill et al., 2018), greater bone mineral density (Magnus et al., 
2020), higher blood pressure (Werneck et al., 2018), higher risk for depression (Hirtz 
et al., 2022), higher neuroticism score (Magnus et al., 2020), and higher risk for 
type 2 diabetes (Elks et al., 2013) in adulthood. Current studies using Mendelian 
randomization focus on the causal effect of age at menarche and confounding factors 
such as pubertal adiposity or socio-economic factors. The results show the causal 
effect of the age at menarche and adult BMI. Early age at menarche was associated 
with hormonal and psychological changes resulting in increased BMI (Gill et al., 
2018). In a previous study by Zurawiecka and Wronka (2021), the age at menarche 
before the age of 12 years was associated with a higher risk of overweight and obesity; 
on the other hand, the age at menarche after the age of 14 years was associated with 
a higher risk of underweight and lower risk of overweight and obesity (Zurawiecka 
and Wronka, 2021).

The association between the age at menarche and physical performance in 
adulthood is not well-researched. A previous study by Le Noan-Lainé et al. (2023) 
showed a positive correlation between the age at menarche and gait speed in adulthood. 
No statistically significant association between the age at menarche and gait speed 
was observed in a study by Ravi et al. (2020). However, in their research, the age at 
menarche was associated with explosive strength of lower limbs measured by jump 
height during adulthood. A higher jump was associated with age at menarche after 
the age of 14 years. Furthermore, the age at menarche after 14 years was associated 
with more leisure-time step count in adulthood. For knee extension strength, no 
statistically significant association was observed with age at menarche (Ravi et al., 
2020). Postural stability was observed to be affected by body composition (Hita-
Contreras et al., 2013) and body weight (Hue et al., 2007), and possibly it can also be 
affected by age at menarche as it influences body weight and BMI (Gill et al., 2018; 
Pierce and Leon, 2005; Zurawiecka and Wronka, 2021).

Feasibility research, which concentrates on evaluating data collection methods, 
study protocol procedures, and potential outcomes, minimizes research inefficiencies. 
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Within this framework, pilot studies represent a subset of feasibility studies designed 
to investigate a specific research question on a smaller scale (Chan, 2019; Kristunas et 
al., 2019). This pilot study aimed to test the methods of data collection and potential 
outcomes of the effect of age at menarche on postural stability parameters.

Methods

Type of the study: pilot study
Participants’ characteristics were described in detail in Chapter 2. In brief, 28 young 
female adults were included in this study. Participants reported their age and age at 
menarche, their body height, and body mass were measured using InBody 720 and 
a stadiometer (SECA). Subsequently, BMI was calculated. Participants’ characteristics 
are shown in Table 13.

Table 13.  Participants’ characteristics

Median x25–x75

Age (years) 23.00 21.75–28.25

Body height (cm) 169.50 165.00–172.25

Body mass (kg) 61.50 60.00–66.25

BMI 22.05 21.16–23.75

Age of menarche (years) 13.00 12.00–14.00

The Zebris platform (FDM GmbH, Munich, Germany) measured postural 
stability parameters barefooted. Participants were asked to stand as still as possible 
for 30  seconds, with a  narrow stance, when their eyes were open, and then the 
measurement was repeated when their eyes were closed. Two attempts were measured 
for each condition (eyes open, eyes closed). The better attempt, considering the CoP 
path (mm), was used in further analysis. Participants were measured during the 
mid-luteal phase of the menstrual cycle. A detailed description of the measurement 
procedure is in Chapter 2. The following variables were obtained from the Zebris 
platform: anterior-posterior CoP path (mm), medio-lateral CoP path (mm), CoP path 
(mm), and CoP average velocity (mm/s). The Research Ethics Committee of Masaryk 
University approved the study (EKV-2021-109).

Statistical analysis
Descriptive statistics, represented by the median and interquartile range (IQR,  
x25–x75), were employed due to the non-normal distribution of the variables, as 
determined by the Shapiro-Wilk test. Spearman’s rho was used to investigate 
correlations among variables such as age of menarche, body mass, body height, BMI, 
and postural stability parameters. Correlations were referred to according to Hopkins 
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et al. (2009) as trivial (0–0.1), small (0.1–0.3), moderate (0.3–0.5), large (0.5–0.7), 
very large (0.7–0.9), nearly perfect (0.9) and perfect (1.0). Fisher’s z-transformed 
Spearman rank correlation values were used to evaluate effect size. The statistical 
analyses were conducted using IBM SPSS Statistics (Armonk, NY, USA), with 
a statistical significance set at alpha 0.05.

Results
No statistically significant correlation between the age at menarche and body height 
(Spearman’s rho = 0.344, moderate correlation; p = 0.079; Fisher’s z = 0.359), body 
mass (Spearman’s rho = 0.095; p = 0.638; Fisher’s z = 0.095), and BMI (Spearman’s 
rho = −0.009; p = 0.963; Fisher’s z = −0.009) was observed. The descriptive statistics 
of postural stability parameters and results of Spearman’s rho for eyes open are shown 
in Table 14. Only a  small correlation was observed between the age at menarche, 
body mass, BMI, and anterior-posterior CoP path. Additionally, a small correlation 
was observed between the body’s height and medio-lateral CoP path, CoP path, and 
CoP average velocity. However, none of the small correlations did reach the statistical 
significance.

The descriptive statistics of postural stability parameters and results of Spearman’s 
rho for eyes closed are shown in Table 15. A small correlation was observed between 
age at menarche and anterior-posterior CoP path, CoP path, and CoP average velocity. 
A moderate correlation was observed between the body height and anterior-posterior 
CoP path and the medio-lateral CoP path, and a  small correlation was observed 
between the body height and CoP path and the CoP average velocity. None of these 
small and moderate correlations reached statistical significance.

Discussion

This pilot study aimed to test the methods of data collection and potential outcomes 
of the effect of age at menarche on postural stability parameters. Earlier age at 
menarche has been associated with an increased risk of sarcopenia (Fan et al., 2023). 
Sarcopenia, characterized by reduced muscle mass and quality, increases postural 
instability (Okayama et al., 2022). However, no study focused on the relationship 
between age at menarche and postural stability is known to the author.

Previous research focused on the age at menarche showed an increased risk of 
injury in post-menarche girls and women in sports compared to their pre-menarche 
peers (Decloe et al., 2014; Kim and Lim, 2014; O’Kane et al., 2016). In ice-hockey 
players, girls with menarche at age 11 or 12 were reported to be at increased risk of 
injury compared to pre-menarche players (Decloe et al., 2014). In post-menarche elite 
artistic gymnasts, greater knee loads showed an increased anterior cruciate ligament 
injury risk when performing a single-legged drop landing compared to pre-menarche 
group (Kim and Lim, 2014). It was hypothesized that hormone changes during the 
menstrual cycle, or the inadequate neuromuscular adaptation to control the longer 
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body segments and greater body mass during maturation are the possible underlying 
factors (Decloe et al., 2014; Kim and Lim, 2014).

A  moderate correlation was observed between the age at menarche and body 
height in this study, as reported previously (Froehle et al., 2017; Zurawiecka and 
Wronka, 2022). The age at menarche affects the growth by being linked to the onset of 
epiphyseal closure (Froehle et al., 2017). Women with later menarche were observed 
to reach a  higher adult body height compared to women with earlier menarche. 
More specifically, the EPIC study found that each year of delay in menarche leads to 
approximately 0.31 cm taller body height in European women (Onland-Moret et al., 
2005).

Similarly to the results of this study, postural stability was previously observed to 
be affected by body height and body weight (Hue et al., 2007; Krzykala et al., 2023). 
Increased body weight and body height correlates with decreased postural stability. 
Body height and body weight were reported to be affected by the age of menarche 
(Froehle et al., 2017; Zurawiecka and Wronka, 2022; Gill et al., 2018; Wronka, 2010). 
Still, no direct evidence links age at menarche to postural stability as the results of this 
study show only small correlations between the age at menarche and postural stability 
parameters. Further research is needed to explore this potential relationship.

Limitations of this study
The results of this pilot study should be interpreted in the context of the following 
limitations – a low number of participants, and using basic statistics allowed assessing 
the pilot results. However, there is a need for caution when generalizing the results. 
Mendelian randomization explored a potential causal relationship between exposure 
and outcome and was applied in previous studies on the effects of age on menarche 
(e.g., Denos et al., 2023; Fan et al., 2023). Future studies on large samples using 
Mendelian randomization will show the potential causal effect between the age at 
menarche, body height, and body mass and their impact on postural stability.

Conclusions
To conclude, this pilot study did not identify any clear association between the age at 
menarche and postural stability parameters. However, the observed small to moderate 
correlation suggests a potential relationship that requires further research.
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Chapter conclusions

RQ1: How do different menstrual cycle phases affect postural stability parameters?
It can be assumed that the increased joint laxity at ovulation caused by the peak of 
estrogen levels (Chidi-Ogbolu and Baar, 2019; N-Wihlbäck et al., 2006; Taraborrelli, 
2015) affects the performance of postural stability. 

A systematic review of the influence of the menstrual cycle on postural stability 
was performed according to PRISMA guidelines. By the databases search, 747 studies 
were identified. After the screening process, 22 studies were included in the systematic 
review. Their results show that static postural stability seems to deteriorate during 
ovulation when greater ligament laxity is described. Dynamic postural stability 
shows deteriorated results during the early follicular phase when menstrual bleeding 
occurs (Emami et al., 2018; Muniandy et al., 2023), and during the late luteal phase 
when premenstrual syndrome symptoms may occur (Kacem et al., 2021). Still, six of 
the included studies found no effect of the menstrual cycle on postural stability.

An experimental study on the effect of different menstrual cycle phases on 
postural stability was included in the second part of this chapter. In the experimental 
study, 28  women completed postural stability measurements three times during 
their menstrual cycle (at the early follicular phase, ovulation, and mid-luteal phase). 
Results showed that postural stability is affected during ovulation when the CoP path 
and CoP average velocity were significantly higher. 

To conclude, static postural stability parameters were observed to be affected by 
the menstrual cycle showing deteriorated results during ovulation. Dynamic postural 
stability seems to be deteriorated during early follicular and late luteal phases. These 
findings highlight the importance of considering the menstrual cycle phase in targeted 
interventions enhancing postural stability for women.

RQ2: How do different menstrual cycle phases affect postural stability parameters in 
situation with dual-task?
A  previous study by Keklicek et al. (2021) focused on postural stability during 
the menstrual cycle when loaded with cognitive or motor dual-tasks. Their study 
compared day 1 of the menstrual cycle and other days without menstruation when 
women reported feeling well. The motor dual-task consisted of standing when 
holding 7 cubes, and the cognitive dual-task consisted of standing when subtracting 
the number 7 from the number greater than 200 given by a researcher. Their results 
show no significant differences in postural stability in situations with and without 
a  dual-task between menstruation and other days without menstruation in healthy 
women (n = 22). However, in women with primary dysmenorrhea (n = 12) the postural 
stability was observed to be significantly deteriorated in situations with dual-tasks 
showing that individuals with primary dysmenorrhea experience difficulties with 
multi-tasking across the cycle (Keklicek et al., 2021).
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An experimental study on the effect of dual-task on postural stability across the 
menstrual cycle was included in the second part of this chapter. In the experimental 
study, 28 women completed postural stability measurements with mathematical, shirt 
buttoning, and smartphone reading dual-tasks three times during their menstrual 
cycle (at the early follicular phase, ovulation, and mid-luteal phase). Statistically 
significant deterioration in CoP path and CoP average velocity was observed with all 
three dual-tasks compared to quiet standing in the situation without dual-task across 
the menstrual cycle similar to women with primary dysmenorrhea in the study by 
Keklicek et al. (2021). Despite no diagnosis of primary dysmenorrhea, 100% of our 
participants reported adverse menstrual symptoms during menstruation. 

To conclude, postural stability with dual-tasks seems to deteriorate across the 
menstrual cycle. Future studies will bring a more detailed insight into the possible 
relationship between adverse menstrual symptoms and dual-task performance at 
different phases of the cycle.

RQ3: How does the age at menarche influence postural stability parameters in adult 
women?
The association between the age at menarche and physical performance in adulthood 
is not well-researched. In previous studies, age at menarche was associated with gait 
speed, and jump height (Le Noan-Lainé et al., 2023; Ravi et al., 2020).

In a  pilot study described in this chapter, postural stability parameters in eyes 
open and closed conditions were measured in 28 women who reported their age at 
menarche. Only small correlations were observed between the age at menarche and 
anterior-posterior CoP path when having eyes open, and between the age at menarche 
and anterior-posterior CoP path, CoP path, and CoP average velocity when having 
eyes closed.

To conclude, no clear association between the age at menarche and postural 
stability parameters was observed. However, the observed small correlations suggest 
a potential relationship that requires further research on a larger sample.
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Chapter 3.  Changes in gait influenced by 
menstrual cycle

Chapter summary

Little is known about the effect of the different menstrual cycle phases on women’s 
body movement. The third chapter was divided into three parts: (i) a  systematic 
review summarizing the previous studies on the effect of the menstrual cycle on 
gait; (ii) an experimental study focused on the effect of the menstrual cycle on gait in 
a situation with and without a dual-task; and (iii) a pilot study analyzing the effect of 
menarche on spatiotemporal and dynamic gait parameters.

Six studies were included in the systematic review on the impact of the menstrual 
cycle on gait, and their results show that the menstrual cycle affects several aspects of 
gait. Included studies observed that the number of steps performed per day increases 
near ovulation and that the attractiveness of female gait for male observers changes 
across the cycle. There was no change in foot arch height during walking or in the 
timed up-and-go test and timed up-and-go test with dual-task. No study used dynamic 
gait analysis using force plates to analyze the effect of different menstrual cycle 
phases on dynamic gait parameters.

The dynamic and spatiotemporal gait parameters were analyzed in the second 
part of this chapter, which presents the original data. Its results show that the gait 
is affected during the early follicular phase when cadence and stride length are 
significantly lower/shorter, probably due to menstrual-related discomfort and pain. 
The cognitive-motor interference was observed with smartphone reading task 
showing the importance of studying the distracted gait with a smartphone.

In the last part of this chapter, the pilot study focused on the effect of the age 
at menarche on the spatiotemporal and dynamic gait parameters was presented. 
Similarly to previous studies, gait speed, stride length, and step width were observed 
to correlate with the age at menarche. Future studies focused on the effect of age 
at menarche on movement will bring a  more detailed insight into the cumulative 
exposure to estrogen on motor behavior and physical performance.
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Does the menstrual cycle affect gait?  
A systematic review

Background
Several previous studies focused on behavioral, visual, olfactory, and vocal changes 
in women near ovulation; however, little is known about the effect of the fertility 
phase of the menstrual cycle on women’s body movement (Fink et al., 2012). 
From an evolutionary point of view, near ovulation, when the fertility risk and the 
possibility of pregnancy are high, the pressure to choose a good partner increases. 
Previous studies described several unconscious processes changing women’s 
physical appearance and attractiveness for men, e.g., more skin revealing and sexier 
clothing usage on fertile days, changes in body odors and voice (Gueguen, 2012; 
Durante et al., 2008; Gildersleeve et al., 2012). It was hypothesized that changes 
in attractiveness near ovulation could be caused incidentally by-product of estrogen 
level variation during the menstrual cycle (Gildersleeve et al., 2012). On the other 
hand, evolutionary psychologists Gangestad and Thornhill (2008) argue that the term 
oestrus appropriately applies to the fertile phase of the menstrual cycle in humans. 
Oestrus, as defined in Encyclopaedia Britannica (2023), is ‘the period in the sexual 
cycle of female mammals, except the higher primates, during which they are in heat 
– i.e., ready to accept a male and to mate. One or more oestrus periods may occur 
during a species’ breeding season. Before ovulation, the endometrium (uterine lining) 
thickens in preparation for holding the fertilized ova. As the proliferation of uterine 
tissue reaches its peak, receptivity is highest—this is the estrous period. Some animals 
(e.g., dogs) are monoestrous, having only one heat during a breeding season. Others 
(e.g., ground squirrels) are polyoestrous: if not impregnated, they will come into 
heat repeatedly during the breeding season. Males can recognize a female in heat 
by smell; certain substances (pheromones) are secreted only at this portion of her 
cycle. The female’s genital area may be swollen during oestrus, and she may show by 
a variety of behavioral signals that she is ready to mate.’ During the oestrus, female 
mammals increase their physical activity, and from the activity data obtained, e.g., 
by pedometers or other electronic activity tags, it is possible to effectively detect the 
oestrus in animals (e.g., in cows as described by Lovendahl and Chagunda, 2010). 
Therefore, it can be hypothesized that natural human female physical activity also 
increases near ovulation (Morris and Udry, 1970). 

The gait pattern provides a lot of information about the walker. Even an untrained 
observer can identify the gender of the subject based on their gait (Mather and 
Murdoch, 1994); from the gait kinematics, it is possible to identify the person (Troje 
et al., 2005), mood (Michalak et al., 2009) and emotions of the walker (Birch et al., 
2016). Recently, machine-learning algorithms have been able to identify mental health 
(clinically significant symptoms of depression and anxiety) based on the natural gait 
pattern of a person (Miao et al., 2021). Therefore, it is possible to hypothesize that 
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the gait pattern in women can be affected by different phases of the menstrual cycle 
and that men would rate women’s gait more attractive during the fertile phase of the 
cycle as female body movements may serve as a potential cue to ovulation (Fink et 
al., 2012).

The menstrual cycle is characterized by significant changes in estrogen secretion, 
increasing 10- to 100-fold over the cycle. The musculoskeletal system is affected 
by estrogen. Estrogen improves bone and muscle mass and strength and increases 
collagen content in connective tissues. In tendons and ligaments, it decreases 
stiffness, affecting physical performance, including gait, and increasing the risk of 
ligament injury (Chidi-Ogbolu and Baar, 2019). Increased laxity of the plantar fascia 
near ovulation can result in a decreased height of the longitudinal foot arch, affecting 
the gait pattern (Tagawa et al., 2023). 

A systematic review on this topic was performed to summarise all the available 
previous research about the influence of the menstrual cycle on gait and answer the 
question from the beginning of this subchapter if the menstrual cycle can affect the 
gait.

Methods
Type of the study: systematic review
A systematic review of the gait parameters changes influenced by the menstrual cycle 
was performed according to the PRISMA guidelines (Page et al., 2021). The search 
was performed using PubMed, Web of Science, and Scopus in August 2023. The 
PECO criteria consisted of participants (P) of females at reproductive age, exposure 
(E) to different phases of the menstrual cycle, comparator (C) between different 
menstrual cycle phases (e.g., follicular phase compared to luteal phase), and outcome 
(O) of change or maintenance of gait parameters during one phase against another.

The following terms with Boolean operators were used for the search: (“menstrual” 
OR “menstrual cycle” OR “follicular phase” OR “luteal phase” OR “menstruation” 
OR “ovarian cycle” OR “ovulation”) AND (“gait” OR “walking” OR “stride” OR 
“walk*” OR “locomotion” OR “locomotor”). The literature search did not exclude 
any studies published before specific date due to a limited number of scientific studies 
focused on gait during different menstrual cycle phases, as described in Chapter 2. 
All studies identified in the search were imported into Rayyan systematic review 
software (Ouzzani et al., 2016) to continue the selection process. Exclusion criteria 
consisted of animal studies, non-English language, review articles, conference 
papers, books, and book chapters, and no full text available. Additionally, data from 
women taking oral contraception or with any musculoskeletal or neurological disease 
affecting the locomotion were not considered. The title and abstract of the remaining 
studies were screened. The full texts of the included studies were screened to confirm 
the relevance of these studies to this systematic review. Artificial intelligence was 
not used in these steps; the author performed the whole screening process. Figure 4 
summarizes the study selection process in the PRISMA flow diagram.
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For data extraction, a  pre-defined form in Microsoft Excel consisting of (i) 
study characteristics (author(s), publication year and country, sample size, and 
characteristics); (ii) menstrual cycle measurement; (iii) analyzed gait parameters and 
its measurement; and (iv) results were used.

Selected relevant items from the Downs and Black Quality Assessment Checklist 
(Downs and Black, 1998) were used to assess the included studies’ methodological 
quality. The Downs and Black Quality Assessment Checklist consists of 27 questions 
assessing the quality of reporting, external and internal validity, and statistical power. 
For this systematic review, 13 items (Downs and Black, 1998) were considered 
relevant. The list of relevant items is shown in Chapter 2.

Figure 4.  PRISMA flow diagram of the study selection process (template from Page et al., 
2021)
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A  binary score for each question: 0 = no/unable to determine, 1 = yes was used 
when assessing the quality of included studies. The final score (in %) was classified as 
follows: < 45.4% “poor” methodological quality; 45.5–61.0% “fair” methodological 
quality”; and > 61.0% “good” methodological quality (Meignié et al., 2021). The 
quality assessment was not used to exclude any study.

Results
By the databases search, 1472 studies were identified (PubMed: 528 studies, Web of 
Science: 359 studies, Scopus: 585 studies). After duplicate removal (365 studies), 
animal studies, wrong publication types (e.g., review, book chapter, letter to editor, 
conference abstract), and studies in languages other than English were excluded 
(331 studies). In 776 studies, titles and abstracts were screened, and 765 studies were 
excluded as they did not describe gait parameters related to the menstrual cycle. In 
the last stage, the full text of the remaining 9 studies was read, and after excluding 
3 studies that did not match the topic, 6 studies were included in this systematic 
review. 

The final score of Downs and Black Quality Assessment Checklist evaluating the 
methodological quality of included studies (Table 16) ranged from 63.6% (Morris 
and Udry, 1970) to 90.8% (Gueguen, 2012; Tagawa et al., 2023), indicating a good 
methodological quality. 

Table 16.  Final score of methodological quality of included studies

Classification Final score Study

Good methodological quality

90.9% Gueguen, 2012; Tagawa et al., 2023

81.8% Fink et al., 2012; Provost et al., 2008

75.0% Ates and Unluer, 2020

63.6% Morris and Udry, 1970

The most common methodological deficit consisted of not reporting the probability 
values, and no sample size calculation. The representativeness of the entire population 
and the losses of participants during the follow-up were not possible to determine 
based on the method description (Table 17).
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The year of publication of the included studies ranged from 1970 (Morris and 
Udry, 1970) to 2023 (Tagawa et al., 2023). From included studies, one study was 
from the USA (12.5%, Morris and Udry, 1970), France (12.5%, Gueguen, 2012), 
Canada (12.5%, Provost et al., 2008), Germany (12.5%, Fink et al., 2012), Japan 
(12.5%, Tagawa et al., 2023) and Turkey (12.5%, Ates and Unluer, 2020).

Three of the included studies focused on the attractiveness of gait during different 
phases of menstrual cycle (Fink et al., 2012; Gueguen, 2012; Provost et al., 2008), one 
of the included studies focused on the number of steps per day fluctuations during the 
menstrual cycle (Morris and Udry, 1970), one study focused on dynamic longitudinal 
arch changes during the cycle (Tagawa et al., 2023), and one study focused on motor 
and cognitive dual-tasks during Timed Up-and-Go test (TUG) at different phases of 
the cycle (Ates and Unluer, 2020). The TUG test is a simple test measuring the time 
during which the subject gets up from a chair, walks three meters, turns around, walks 
back, and sits back on the chair (Ortega-Bastidas, 2023).

The sample sizes of the included studies ranged between 13 (Ates and Unluer, 
2020) to 103 participants (Gueguen, 2012). In most studies, menstrual cycle phases 
were assessed by the day of the cycle. In a study by Provost et al. (2008), salivary 
ferning confirmed peak fertility. A study by Gueguen (2012) used a salivary LH test 
to confirm ovulation. A study by Ates and Unluer (2020) used a Lady-Q microscope 
saliva examination to confirm ovulation. In a study by Tagawa et al. (2023) urine LH 
test was used to confirm ovulation. Most of the studies followed their participants 
during one menstrual cycle. A  study by Morris and Udry (1970) included more 
than three menstrual cycles. One cross-sectional study divided their participants 
by the fertile and non-fertile days of the cycle (Gueguen, 2012). In Table 18, the 
characteristics of the included studies are shown.

The gait (Table 19) was assessed by kinematic analysis in four of the included 
studies (Fink et al., 2012; Gueguen, 2012; Provost et al., 2008; Tagawa et al., 2023), by 
pedometers (Morris and Udry, 1970), or by TUG, TUG test with motor task consisting 
of carrying three glasses of water, and TUG test with a cognitive task which consists 
of counting backward from 100 by 3s or listing the names starting with the letter “A” 
(Ates and Unluer, 2020). In three studies, male observers evaluated the attractiveness 
of female participants’ gait on a short video during different menstrual cycle phases 
using a Likert scale. The male observers were not aware of the hormonal status of the 
female walkers (Fink et al., 2012; Gueguen, 2012; Provost et al., 2008). 
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Table 19.  Gait analysis characteristics of included studies

Authors Gait analysis Attractiveness evaluation

Morris and Udry (1970) pedometer  

Provost et al. (2008) kinematic analysis 35 men (18.80 ± 1.90),  
6-point Likert scale

Fink et al. (2012) kinematic analysis 100 men (22.99 ± 3.03),  
7-point Likert scale

Gueguen (2012) kinematic analysis 2 men,  
5-point Likert scale

Ates and Unluer (2020) TUG, TUG with motor and 
cognitive dual-tasks  

Tagawa et al. (2023) kinematic analysis  

Table 20.  Gait parameters and primary outcomes of included studies

Authors Attractiveness Gait speed Navicular 
height

Pedometer 
units

Morris and 
Udry (1970)      

↑ ovulation, 
↑ beginning, 

and end of the 
cycle

Provost et al. 
(2008) ↑ luteal phase      

Fink et al. 
(2012) ↑ late follicular      

Gueguen 
(2012)

↑ high fertility 
risk

↓ high fertility 
risk ahead of 

the man
   

Ates and 
Unluer (2020)   ≈    

Tagawa et al. 
(2023)     ≈  

↓ statistically significant decrease; ≈ no statistically significant change; ↑ statistically significant increase

In table 20, analyzed gait parameters, and the primary outcomes of the included 
studies are shown. Pedometer measurement analysis during 1 to 3+ consecutive 
menstrual cycles showed that female activity is increased around ovulation (Morris 
and Udry, 1970). No difference in longitudinal foot arch height during the gait was 
observed during different menstrual cycle phases (Tagawa et al., 2023). Similarly, 
no difference between analyzed menstrual cycle phases was observed by Ates and 
Unluer (2020) in the TUG test and TUG test with dual-tasks. In a study by Gueguen 
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(2012) studying nonverbal behavior, female participants were asked to walk ahead 
of a male confederate. The results show that the gait speed was slower in women 
at high fertility risk near ovulation when walking ahead of men compared to their 
low fertility risk peers (Gueguen, 2012). The attractiveness of female gait for male 
observers was reported to be higher near ovulation in two studies (Fink et al., 2012; 
Gueguen, 2012) and in the luteal phase in one study (Provost et al., 2008).

Discussion
A systematic review was performed to summarize the available literature focused on 
the effect of the menstrual cycle on gait. Six relevant articles were identified during 
the systematic review process. Their results show that the menstrual cycle can affect 
primarily the attractiveness of the gait.

Pedometer records showed that female physical activity increases near ovulation, 
similar to other female mammals, which perform higher general activity levels 
around oestrus (Morris and Udry, 1970). On the other hand, in female primates, 
no change in physical activity levels across the menstrual cycle was observed, 
suggesting no need to control the menstrual cycle phase when monitoring physical 
activity in female primates (Hunnell et al., 2007). A study by Doohan et al. (2023) on 
the general population of 881 adult women found that adverse menstrual symptoms 
during the period, such as abdominal cramps, lethargy, abdominal bloating, lower 
back pain, or heavy bleeding, which were reported as regular during menses in 90.5% 
of participants, were influential factors for avoidance or reduced performance in 
physical activity. Only 8.6% of participants reported that their menstrual symptoms 
do not affect physical activity engagement, showing that the likelihood of engagement 
in physical activity is lower when menstrual symptoms are present (Doohan et al., 
2023).

A poor correlation between static and dynamic assessment of the foot arch was 
observed previously, and their separate interpretation was suggested (Scholz et al., 
2017). In a study by Tagawa et al. (2023), no difference in longitudinal foot arch height 
during the gait was observed when comparing different phases of the menstrual cycle 
phases. However, in a  static standing position, a  significant decrease in navicular 
height during ovulation was described and possibly associated with the increased 
laxity of the plantar fascia during this phase of the menstrual cycle (Tagawa et al., 
2023). Similarly, foot length was reported to significantly increase during ovulation 
compared to menstruation due to increased elasticity of plantar fascia (Petrofsky and 
Lee, 2015).

When comparing gait at different menstrual cycle phases, Gueguen (2012) 
observed a  slower gait speed near ovulation when walking ahead of a  physically 
attractive man. The attractiveness of female gait for male observers was reported 
to be higher near ovulation in two studies (Fink et al., 2012; Gueguen, 2012) and in 
the luteal phase in one study (Provost et al., 2008). It was hypothesized that subtle 
behavior cues are influenced by the menstrual cycle. When walking, women cannot 
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use the classic non-verbal behaviors, e.g., a gaze or smile, but at their high fertility 
risk phase of the cycle, they use their gait to be noticed as more attractive (Gueguen, 
2012). It is a question of whether the results of physical performance and gait during 
different phases of the menstrual cycle can be affected by the presence of a male 
researcher. 

A study by Fink et al. (2012) described a more substantial effect of male observers’ 
rating gait as more attractive near ovulation compared to the luteal phase than in 
dance moves. In a  study by Provost et al. (2008), a  more attractive gait for male 
observers was reported during the luteal phase compared to the late follicular phase 
near ovulation, and a discriminant function analysis of the gait kinematics used in 
their study was able to classify the gait at late follicular or luteal phases correctly. 
Authors of that study hypothesized that it could be a  protective mechanism from 
sexual assault during the high fertility risk phase as gait pattern can be seen from 
a considerable distance (Provost et al., 2008) while women still can be attractive to 
people they choose to be with as men judge women’s faces to be more attractive near 
ovulation (Roberts et al., 2004). In a more recent study by Catena et al. (2019), male 
observers rated early follicular female faces when estradiol levels are lower as less 
attractive than at the fertile phase near ovulation and luteal phase. However, they 
rated faces at ovulation and luteal phase equally attractive, which suggests limited 
male observers’ capacity to detect ovulation cues (Catena et al., 2019). 

No difference between analyzed menstrual cycle phases was observed by Ates 
and Unluer (2020) in the TUG test and TUG test with dual-tasks. However, a group 
of multiple sclerosis patients observed deteriorated results of the TUG test with 
dual-tasks during the early follicular phase (Ates and Unluer, 2020). Dual-tasks are 
common in daily life, e.g., when we have to verbally respond to our partner without 
stopping walking. In experimental settings, dual-tasks are used to investigate the 
effect of cognitive processing on motor behavior. The participant is usually asked to 
perform two tasks simultaneously. If the physical activity performance is inferior in 
quality or longer in time compared to single task measurement, the same resources 
in the cognitive and sensory-motor systems are needed for these tasks (Tramontano 
et al., 2017). Hormonal fluctuation across the menstrual cycle was observed to alter 
neurological and motor functions. During the late luteal phase, cognitive functions 
were observed to deteriorate compared to ovulation (Guven Yorgun and Ozakbas, 
2019). Future studies are needed to assess changes in gait quality through gait 
analysis, not just by using the TUG test when performing dual-tasks across the 
menstrual cycle.

Limitations of this review
A low number of included studies, their focus on different gait parameters, and diverse 
methodological approaches are significant limitations for the generalization of the 
results. The various criteria of menstrual cycle phases definition and the difference 
in analyzed menstrual cycle phases constitute another limitation of this review.



68  |  M A R T A  G I M U N O V Á :  P O S T U R A L  S T A B I L I T Y  A N D  G A I T  D U R I N G  M E N S T R U A L  C Y C L E

Conclusions
To sum up, six studies were included in this review, and their results show that the 
menstrual cycle affects several aspects of gait. Included studies observed that the 
number of steps performed per day increases near ovulation and that the attractiveness 
of female gait for male observers changes across the cycle. No change in foot arch 
height during walking or in the TUG test and TUG test with the dual-task was 
observed. No study used force plates to analyze the effect of different menstrual cycle 
phases on dynamic gait parameters. Therefore, future research is needed to provide 
dynamic gait analysis from a kinanthropological point of view across the menstrual 
cycle.

The effect of the menstrual cycle on gait in situations 
with and without dual-task

The primary aim of this study was to analyze the effect of different phases of the 
menstrual cycle on gait patterns. Second, this research aimed to investigate the impact 
of dual-tasks on gait across the menstrual cycle to clarify the influence of estrogen 
variation on cognitive processing relationship to motor behavior.

Methods
Type of the study: experimental study
One menstrual cycle was followed in 28 participants: median age 23.00,  
x25 = 21.75, x75 = 28.25; median body mass was 61.50  kg (x25 = 60.00,  
x75 = 66.25); median body height was 169.50 cm (x25 = 165.00, x75 = 172.25); and 
median BMI was 22.05 (x25 = 21.16, x75 = 23.75) described in more detail in Chapter 2. 
All participants were measured three times during the study: on day 2 of the menstrual 
cycle (early follicular phase), within 48 h after ovulation confirmed by ovulation test 
kit (ovulation), and 7 days after ovulation (mid-luteal phase). The Research Ethics 
Committee of Masaryk University approved the study (EKV-2021-109).

Gait parameters were measured barefooted by Zebris platform (FDM GmbH, 
Munich, Germany; 149 × 54.2 cm) placed at the center of a custom-designed 10 m 
walkway surrounding the platform to provide a level walking surface. Participants 
were asked to walk at their natural speed. During each measuring session, participants 
were asked to (i) walk barefooted 6 times across the platform without any dual-
task and (ii) walk barefooted 6 times across the platform with a mathematical task. 
Participants were asked to walk and simultaneously count backward from the number 
greater than 200, the researcher told her. Participants calculated by subtracting 7 from 
each number; (iii) walked barefooted 6 times across the platform with a motor task. 
Participants were asked to walk and simultaneously perform shirt buttoning; (iv) walk 
barefooted 6 times across the platform with a smartphone reading task (Figure 5). 
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Participants were asked to walk and simultaneously read an article from the Faculty 
of Sport Studies, Masaryk University webpage on their smartphone. Smartphone 
usage during walking is a common dual-task in daily life (Rubio Baranano et al., 
2022).

The following variables were obtained from the Zebris software: 
•	 foot rotation (°), the angle between the longitudinal axis of the foot and the 

walking direction,
•	 stride length (cm), the distance between two heel contacts of the same foot,
•	 step width (cm), the distance between the right and left foot,
•	 stance phase (%), the phase of the gait cycle during which the foot is in contact 

with the ground,
•	 single limb support (%), the phase of the gait cycle during which only one foot 

has contact with the ground,
•	 swing phase (%), the phase of the gait cycle during which the foot has no 

contact with the ground,
•	 double stance phase (%), the sum of the phases during which both feet have 

contact with the ground,
•	 stride time (s), the time between heel contacts between the same foot,
•	 cadence (steps/min), step frequency,
•	 gait velocity (km/h), average gait speed during the measured interval,
•	 and maximal pressure at the forefoot, midfoot, and heel (N/cm2), the average 

maximum values reached in the forefoot, midfoot, and heel.

Statistical analysis
Most of the variables did not meet the assumption of normal distribution tested by 
the Shapiro-Wilk test. The descriptive data are shown as median: lower quartile 
(x25) – upper quartile (x75). Friedman ANOVA was used to compare differences 

Figure 5.  Gait measurement design
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between analyzed phases of the menstrual cycle in gait without a dual-task, gait with 
a  mathematical task, gait with a  shirt buttoning task, and gait with a  smartphone 
reading task. A Bonferroni correction was applied to an alpha level 0.05 to avoid 
Type I error rate (adjusted alpha was set at 0.004). Friedman ANOVA with Bonferroni 
correction (adjusted alpha was set on 0.004) was used to analyze the cognitive-motor 
interference (differences between gait without dual-task and dual-task) at analyzed 
menstrual cycle phases. Cohen’s w was used to assess the effect size (< 0.30 small 
effect; 0.30–0.50 medium effect; > 0.50 large effect). The statistical analysis was 
performed using IBM SPSS Statistics (Armonk, NY, USA).

Results
Gait without dual-task
During the gait without the dual-task (Table 21), statistically significant differences 
between analyzed menstrual cycle phases were observed with a  small effect by 
Cohen’s w in stride length, which significantly increased at the mid-luteal phase 
compared to the early follicular phase (p = 0.002) and ovulation (p = 0.022), and 
cadence, which was significantly decreased at early follicular phase compared to 
ovulation (p = 0.017) and mid-luteal phase (p = 0.009).

Gait with a mathematical task
No statistically significant difference after Bonferroni correction in analyzed gait 
parameters was observed between the early follicular phase, ovulation, and mid-
luteal phase when performing gait with the mathematical dual-task (Table 22).

Gait with shirt buttoning task
No statistically significant difference after Bonferroni correction in analyzed gait 
parameters was observed between the early follicular phase, ovulation, and mid-
luteal phase when performing gait with shirt buttoning dual-task (Table 23).

Gait with smartphone task
No statistically significant difference in analyzed gait parameters was observed 
between the early follicular phase, ovulation, and mid-luteal phase when performing 
gait with a smartphone dual-task (Table 24).
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Cognitive-motor interference during different phases of menstrual cycle
Cognitive-motor interference was observed when comparing the gait without 
the dual-task and the gait with dual-task at different menstrual cycle phases with 
a small effect calculated by Cohen’s w (Table 25). During the early follicular phase, 
the stride length significantly decreased with the smartphone task compared to gait 
without the dual-task (p = 0.009). Similarly, gait velocity significantly decreased with 
smartphone task compared to gait without dual-task (p = 0.019). At ovulation, the 
stance phase (%) was considerably shorter with the smartphone task compared to the 
gait without a dual-task (p = 0.027), and the swing phase (%) was significantly longer 
with the smartphone task compared to the gait without a dual-task (p = 0.027). At the 
mid-luteal phase, stride length was considerably shorter with a smartphone task than 
gait without a dual-task (p = 0.0001).

Discussion
Dynamic gait parameters were analyzed at three phases of the menstrual cycle: 
the early follicular phase, ovulation, and mid-luteal phase. Data from gait without 
dual-tasks and gait with three different dual-tasks were obtained during each data 
measurement session. Results show that the gait without a  dual-task is affected 
during the early follicular phase when cadence and stride length are significantly 
lower/shorter. No difference between analyzed menstrual cycle phases was observed 
in mathematical, shirt buttoning, or smartphone reading dual-task gait performance. 
Cognitive-motor interference was observed only with smartphone reading tasks 
during all cycle phases.

The systematic review results in this chapter show that the menstrual cycle can 
affect the natural gait pattern, especially its attractiveness for male observers. During 
the gait without a dual-task, cadence significantly decreased at the early follicular 
phase compared to ovulation and mid-luteal phase. Stride length was considerably 
shorter at the early follicular phase compared to the mid-luteal phase. Cadence and 
step length were lower/shorter in people with chronic low back pain compared to 
healthy controls previously (e.g., Vickers et al., 2017). Those gait alterations might 
be related to minimizing the excessive lumbosacral movement in persons with 
chronic low back pain (Vickers et al., 2017; Pakzad et al., 2016; Smith et al., 2022). 
Abdominal cramps, lethargy, abdominal bloating, lower back pain, or heavy bleeding 
are regular symptoms during menstruation in more than 90% of women (Doohan 
et al., 2023). Therefore, the lower cadence and shorter stride length observed in 
this study can result from an attempt to limit trunk motion as the menstrual pain 
response.

In young adults, the cost of dual-tasks when walking at a natural speed ranges 
between 0.99% (in a study by Lajoie et al., 1996) to 26.00% (in a study by Li et al., 
2001 and Bock, 2008) as described in a systematic review by Beurskens and Bock 
(2012). A study by Lajoie et al. (1996) used a verbal response (“top”) to an auditory 
stimulus as a  dual-task to average the pace of walking, finding a  non-significant 
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difference. In a study by Li et al. (2001), a complex visuospatial decision task was 
used, showing significantly reduced gait velocity when walking with dual-tasks. 
A  study by Bock (2008) used checking boxes of different colors on paper with 
a pen while walking, finding a significant decrease in gait velocity when performing 
the dual-task. The results of the current study show that the mathematical task and 
shirt buttoning task were not demanding enough to introduce gait changes in young 
women.

Smartphone reading requires a slower gait speed. During slower gait speed, the 
head motion is more regular and coupled with phone motion, resulting in a more 
stable retinal image allowing reading the screen (Rubio Baranano et al., 2021; 
Saraiva et al., 2023). The duration of stance and swing phases are influenced by 
gait speed (Iosa et al., 2019). In this study, a  statistically significant decrease in 
walking speed with a smartphone dual-task compared to gait without a dual-task was 
observed only during the early follicular phase when menstrual-related pain occurs. 
A previous study suggests that pain leads to higher dual-task costs of gait and might 
affect the risk of falls in dual-task situations in daily living (Hamacher et al., 2016). 
Stride length decreased with smartphone reading dual-task during early follicular 
and mid-luteal phases. Shorter step/stride length improves stability. The center of 
mass is closer to the leading foot when the step length is shorter, reducing the risk of 
slip-related falls (Espy et al., 2010). Still, pedestrian-phone-related accidents have 
been increasing in the last few years. Up to 50% of persons (pedestrians and bike 
riders) involved in road injury reported using a phone within one minute before the 
injury happened (Ren et al., 2021). The estimated prevalence of distracted walking 
by pedestrians with smartphones is 25–40% (Rahim et al., 2023), highlighting the 
importance of distracted gait analysis. 

Future studies comparing the gait parameters of women with and without primary 
dysmenorrhea would bring a more detailed insight into the gait alterations related to 
different symptoms related to menstruation.

Limitations of this study
This study has several limitations. Firstly, serum hormone levels were not measured. 
The ovulation was assessed using ovulation kits. Secondly, the repeated design of this 
study could affect the results of dual-task performance due to familiarization with the 
tasks.

Conclusions
In conclusion, this study shows that the gait without a dual-task is affected during the 
early follicular phase when cadence and stride length are significantly lower/shorter, 
probably due to menstrual-related discomfort and pain. Future studies focused on 
the gait alterations related to different symptoms related to menstruation would 
bring essential insight into this field. No difference between analyzed menstrual 
cycle phases was observed in mathematical, shirt buttoning, or smartphone reading 
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dual-task gait performance. Notably, cognitive-motor interference was observed with 
smartphone reading tasks at all cycle phases, showing the importance of analyzing 
the distracted gait with a smartphone.

Does the age at menarche affect spatiotemporal 
and dynamic gait parameters? 

Background
Traditionally, the effect of menarche on physical performance was researched in 
adolescent girls by comparing pre-menarche and post-menarche groups of similar 
age. Results of these studies suggest higher performance in the post-menarche group 
related to somatic growth (e.g., Athayde et al., 2021).

The association between the age at menarche and physical performance during 
adulthood is a  recently introduced topic. Previous studies focusing on different 
age groups indicate a possible effect of the age at menarche on gait parameters. In 
perimenopausal women, later age at menarche was observed to be positively associated 
with walking speed (Le Noan-Lainé et al., 2023). In adolescent girls, earlier age at 
menarche was correlated with a broader base of support and valgus knee alignment 
during the gait (Froehle et al., 2017). Earlier age at menarche was associated with 
sarcopenia in a study by Fan et al. (2023). Sarcopenia may affect muscle strength 
and gait speed. The causal relationship analyzed by Mendelian randomization was 
observed between the age at menarche and gait speed (Fan et al., 2023). These results 
suggest deteriorated muscle function associated with earlier age at menarche (Fan et 
al., 2023; Le Noan-Lainé et al., 2023). On the other hand, no statistically significant 
effect of the age at menarche on gait speed was observed in perimenopausal women 
in a study by Ravi et al. (2020).

Feasibility studies aim to clarify any uncertainty about future research. Pilot 
studies are a subset of feasibility studies that aim to explore a research question and 
include future study research on a  smaller scale. Performing feasibility research 
focused on testing the data collection, study protocol procedures, and outcomes use 
can reduce the research waste. The results of pilot studies should indicate whether 
to proceed with the main trial (Chan, 2019; Kristunas et al., 2019). This study aimed 
to test the methods of data collection of spatiotemporal and dynamic gait parameters 
(e.g., plantar pressures) in association with the age at menarche as only gait speed and 
kinematic gait parameters were researched in previous studies (Froehle et al., 2017; 
Le Noan-Lainé et al., 2023; Ravi et al., 2020).
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Methods
Type of the study: pilot study
This study used data from 28 participants (median age 23.00, x25 = 21.75,  
x75 = 28.25), described in detail in Chapter 2. The study was approved by the Research 
Ethics Committee of Masaryk University, Brno, Czech Republic (EKV-2021-109). 
Participants reported their menarche age, body weight, and height were measured 
using InBody 720 and a  stadiometer (SECA). Gait parameters were measured 
barefooted by the Zebris platform (FDM GmbH, Munich, Germany) at natural 
walking speed during the mid-luteal phase of the menstrual cycle. The measurement 
procedure is described in detail in Chapter 3.

The following variables were obtained from the Zebris software: foot rotation (°), 
stride length (cm), step width (cm), stance phase (%), single limb support (%), swing 
phase (%), double stance phase (%), stride time (s), cadence (steps/min), gait velocity 
(km/h) and maximal pressure at forefoot, midfoot and heel (N/cm2).

Statistical analysis
The descriptive statistics are shown as median and lower quartile (x25) – upper 
quartile (x75) as most of the variables did not meet the assumption of normal 
distribution tested by the Shapiro-Wilk test. Spearman’s rho was used to analyze 
the correlation between the age of menarche, body mass, body height, BMI, and 
gait parameters. Correlations were referred to according to Hopkins et al. (2009) 
as trivial (0–0.1), small (0.1–0.3), moderate (0.3–0.5), large (0.5–0.7), very large 
(0.7–0.9), nearly perfect (0.9) and perfect (1.0). Fisher’s z-transformed Spearman 
rank correlation values were used to evaluate effect size. The statistical analysis was 
performed using IBM SPSS Statistics (Armonk, NY, USA). The level of statistical 
significance was set at alpha 0.05.

Results
The median age at menarche was 13.00 years (x25 = 12.00, x75 = 14.00), median 
body mass was 61.50  kg (x25 = 60.00, x75 = 66.25), median body height was 
169.50 cm (x25 = 165.00, x75 = 172.25), and median BMI was 22.05 (x25 = 21.16,  
x75 = 23.75). Table 26 provides descriptive statistics of gait parameters and 
the results of Sperman’s rho to show the correlation with age at menarche. No 
statistically significant correlation between age at menarche and body height 
(Spearman’s rho = 0.344, moderate correlation; p = 0.079; Fisher’s z = 0.359), body 
mass (Spearman’s rho = 0.095; p = 0.638; Fisher’s z = 0.095), and BMI (Spearman’s  
rho = −0.009; p = 0.963; Fisher’s z = −0.009) was observed. Age at menarche was 
significantly correlated with stride length (Spearman’s rho = 0.470; p = 0.015; 
Fisher’s z = 0.510), step width (Spearman’s rho = 0.401; p = 0.038; Fisher’s  
z = 0.425), and gait velocity (Spearman’s rho = 0.420; p = 0.033; Fisher’s z = 0.448). 
Small to large correlations were observed.
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Additionally, Spearman’s rho showed a  statistically significant correlation 
between body height and stride length (Spearman’s rho = 0.561, large correlation;  
p = 0.003; Fisher’s z = 0.635). Statistically significant correlation between body mass 
and single limb support (Spearman’s rho = −0.405, moderate correlation; p = 0.040; 
Fisher’s z = −0.430) and maximum pressure at midfoot (Spearman’s rho = 0.448, 
moderate correlation; p = 0.019; Fisher’s z = 0.482) were observed. A  statistically 
significant correlation was observed for BMI with single limb support (Spearman’s  
rho = −0.420, moderate correlation; p = 0.033; Fisher’s z = −0.448) and double stance 
phase (Spearman’s rho = 0.426, moderate correlation; p = 0.030; Fisher’s z = 0.455).

Discussion
This study focused on the spatiotemporal and dynamic gait parameters associated 
with the menarche age. Similarly to previous studies, gait speed was significantly 
correlated with the age at menarche (Froehle et al., 2017; Le Noan-Lainé et al., 2023; 
Fan et al., 2023). Furthermore, stride length and step width were observed to correlate 
with the age at menarche.

Similarly to the results of this pilot study, a previous study by Le Noan-Lainé et al. 
(2023) describes a positive association between the age at menarche and fast walking 
speed in adult peri- and post-menopausal women, suggesting a persisting effect of the 
age at menarche on gait in adulthood. Also, in a study by Fan et al. (2023), women 
with later menarche were observed to have faster walking speeds.

Age at menarche is determined by multiple factors such as heredity, hormone 
metabolism, socioeconomic background, physical activity, and lifestyle (Fan et al., 
2023). Menarche occurs two to three years after puberty onset and six months after the 
peak height velocity is achieved (Barros et al., 2019; Karapanou and Papadimitriou, 
2010). In adult women, the age at menarche reflects the cumulative exposure to 
estrogen, which was reported to inhibit muscle growth previously (Fan et al., 2023). In 
post-menopausal women, higher estradiol levels were associated with slow walking 
speed, weak grip strength, weight loss, fatigue, and low physical activity (Carcaillon 
et al., 2012). Furthermore, higher age at menarche was associated with lower BMI, 
bone mass density, and fat mass during adulthood (Ravi et al., 2023; Yang et al., 
2023). The elevated gonadal hormones and adverse psychological outcomes were 
described as the possible mediators in the association between the age at menarche 
and adult BMI (Gill et al., 2018).

Similarly to the results of this study, anthropometric characteristics were previously 
associated with gait parameters. Step length was observed to be affected by age, body 
height, and body fat mass (e.g., Park et al., 2022). Flat foot, manifested by increased 
pressure on the midfoot, was associated with higher body mass and BMI (Rosende-
Bautista et al., 2021; Shen et al., 2023; Zhao et al., 2020). Single limb support and 
double stance phases were previously correlated with body mass and BMI (Meng et 
al., 2017). The shorter single limb support phase and prolonged double stance phase 
are characteristic of the gait of obese adults as it can be more challenging for them to 
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control the movement of the center of mass during the single limb support phase due 
to excessive body mass on lower joints (Dufek et al., 2012; Meng et al., 2017). 

Menarche affects growth as it is linked to the onset of epiphyseal closure. 
Accordingly, a  study by Froehle et al. (2017) reported shorter stature and shorter 
segment lengths in participants with earlier menarche. Additionally, in their study, an 
increased base of support and valgus knee alignment, which may lead to a higher risk 
for sports-related knee injuries, were observed to correlate with earlier age at menarche 
(Froehle et al., 2017). Future studies can include more age groups of women to provide 
more comprehensive information about the effect of age at menarche on gait.

Limitations of this study
There is a need for caution when generalizing the results. Main limitations of this 
pilot study consist of a low number of participants, and using basic statistics. Future 
studies on large samples using Mendelian randomization will show the potential 
causal effect between the age at menarche and gait parameters.

Conclusions
In conclusion, this pilot study confirmed the correlation between the age at menarche 
and gait parameters, as reported in previous studies. Results of this study suggest 
that future studies focused on the effect of age at menarche on gait can concentrate 
primarily on gait speed and spatiotemporal gait characteristics. 

Chapter conclusions

RQ4: How do different menstrual cycle phases affect spatiotemporal and dynamic 
gait parameters?
Little is known about the effect of the different phases of the menstrual cycle on gait. 
A systematic review of the influence of the menstrual cycle on gait was performed 
according to PRISMA guidelines. By the databases search, 1472 studies were 
identified. After the screening process, 6 studies were included in the systematic 
review. Their results show that the number of steps performed per day increases near 
ovulation (Morris and Udry, 1970) and that the attractiveness of female gait for male 
observers increases during ovulation and luteal phase (Fink et al., 2012; Gueguen, 
2012; Provost et al., 2008). No change in foot arch height during walking (Tagawa et 
al., 2023) or in the TUG test (Ates and Unluer, 2020) was observed.

An experimental study on the effect of different menstrual cycle phases on 
spatiotemporal and dynamic gait parameters was included in the second part of this 
chapter. In the experimental study, 28 women completed gait measurements three 
times during their menstrual cycle (at the early follicular phase, ovulation, and mid-
luteal phase). Results showed that the gait is affected during the early follicular phase 
when cadence and stride length were significantly lower/shorter, probably as a result 
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from an attempt to limit trunk motion due to the menstrual discomfort and pain. 
Furthermore, stride length was significantly shorter during the ovulation.

To conclude, spatiotemporal gait parameters were observed to be affected by the 
early follicular phase and ovulation. No change in plantar pressure or foot arch during 
the gait was observed. These findings highlight the need for future studies focused on 
the gait alterations related to different menstrual symptoms.

RQ5: How do different menstrual cycle phases affect spatiotemporal and dynamic 
gait parameters in situation with dual-task?
A previous study by Ates and Unluer (2020) reported no difference between different 
menstrual cycle phases in the TUG test with motor dual-task consisting of carrying 
three glasses of water, and TUG test with a  cognitive dual-task which consists 
of counting backward from 100 by 3s or listing the names starting with the letter 
“A” in healthy women (n = 13). However, a  group of multiple sclerosis patients  
(n = 14) observed deteriorated results of the TUG test with dual-tasks during the early 
follicular phase (Ates and Unluer, 2020).

An experimental study on the effect of dual-task on spatiotemporal and dynamic 
gait parameters across the menstrual cycle was included in the second part of this 
chapter. In the experimental study, 28 women completed gait measurements with 
mathematical, shirt buttoning, and smartphone reading dual-tasks three times during 
their menstrual cycle (at the early follicular phase, ovulation, and mid-luteal phase). 
Statistically significant deterioration with smartphone reading dual-task was observed 
in all analyzed phases of the cycle compared to gait in situation without dual-task.

To conclude, no effect of menstrual cycle phases on gait with dual-task was 
observed. Still, the results show the importance of analyzing the distracted gait with 
a smartphone.

RQ6: How does the age at menarche influence spatiotemporal and dynamic gait 
parameters in adult women?
In adult women, later age at menarche was observed to be positively associated with 
walking speed (Fan et al., 2023; Le Noan-Lainé et al., 2023). On the other hand, no 
statistically significant effect of the age at menarche on gait speed was observed in 
perimenopausal women in a previous study by Ravi et al. (2020).

In a  pilot study described in this chapter, spatiotemporal and dynamic gait 
parameters were measured in 28 women who reported their age at menarche. The 
results show that the age at menarche was significantly correlated with stride length, 
step width, and gait velocity.

To conclude, spatiotemporal gait parameters were observed to be affected by 
the age at menarche. Correlations between the age at menarche and dynamic gait 
parameters did not reach statistical significance. These findings suggest that future 
studies focused on the effect of age at menarche on gait can concentrate primarily on 
spatiotemporal gait characteristics.
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Summary

Little is known about the effect of the menstrual cycle on women’s body movement. 
The fluctuation of estrogen and progesterone affects general joint and ligament laxity, 
resulting in differences in the incidence of injury at different menstrual cycle phases. 
These findings highlight the importance of a detailed knowledge of postural stability 
fluctuations across the menstrual cycle. This book summarized the current knowledge 
about the effect of the menstrual cycle on postural stability and gait following the 
current rigorous standards of academic work. It presented possible directions for 
future research in this field. Postural stability is a crucial factor for balance, risk for 
falls, and consequent risk of injuries, and gait is the basic locomotor pattern in humans. 
These two fundamental elements of human movement were detailly analyzed in this 
book to enhance the knowledge about the effect of different menstrual cycle phases 
on motor behavior. 

Systematic reviews are considered the “gold standard” for searching, appraising, 
and synthesizing the available literature related to a  specific research question. 
Therefore, this method was used when presenting the current literature on the effect of 
the menstrual cycle on postural stability and gait. Twenty-two studies were included 
in the systematic review focused on the influence of the menstrual cycle on postural 
stability. Six of the included studies observed no significant difference in postural 
stability across the menstrual cycle, and sixteen showed that the menstrual cycle affects 
both static and dynamic postural stability. Most of these studies observed deteriorated 
results during the early follicular phase in dynamic postural stability and at ovulation 
in static postural stability. Six studies were included in the systematic review on the 
effect of the menstrual cycle on gait, and their results show that the menstrual cycle 
affects several aspects of gait. Included studies observed that the number of steps 
performed per day increases near ovulation and that the attractiveness of female gait 
for male observers changes across the cycle. No change in foot arch height during 
walking or in the TUG test and TUG test with the dual-task was observed. None of 
the included studies used dynamic gait analysis using force plates to analyze the 
effect of different menstrual cycle phases on dynamic gait parameters.

The findings from performed systematics reviews were confirmed and elaborated 
by the original data on the effect of the menstrual cycle on postural stability and gait 
presented in this book. At ovulation, postural stability was observed to deteriorate, 
probably due to increased joint laxity. During all analyzed phases of the menstrual 
cycle, significant deterioration of CoP path and CoP average velocity was observed 
when performing mathematical, shirt buttoning, and smartphone reading dual-tasks. 
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The gait was also affected by the menstrual cycle. During the early follicular phase, 
cadence and stride length were significantly lower/shorter, probably due to menstrual-
related discomfort and pain. The cognitive-motor interference was observed with 
smartphone reading tasks at all phases of the cycle, showing the importance of 
analyzing the distracted gait with a smartphone as it is related to the risk of falls in 
daily situations.

The last part of this book presented a pilot study on the effect of age at menarche 
on postural stability and gait. Its findings did not identify a clear association between 
the age at menarche and postural stability parameters, as only small to moderate 
correlations were observed. Future studies on large samples will show the potential 
causal effect between the age at menarche, body height, body mass, and postural 
stability. A moderate correlation was observed between the gait speed, stride length, 
step width, and the age of menarche, as reported previously. Future studies focused 
on the effect of age at menarche on movement will bring a more detailed insight into 
the cumulative exposure to estrogen on women’s movement.

Increasing the knowledge about the underlying mechanisms linking female 
physiology to movement biomechanics and performance holds implications 
for research and practical applications in the health sciences and sports. In the 
future, women could benefit from injury prevention programs tailored to specific 
menstrual cycle phases, optimizing performance by implementing targeted strategies 
corresponding to specific menstrual cycle phases and improving communication 
about the menstrual cycle with the sport-related personnel.
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