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Abstract

:

Findings are inconsistent with regards to whether menstrual cycle phase-associated changes in physical functioning exist. It is possible that such discrepancies are due to varying rigour in experimental approaches. The current study aimed to systematically evaluate any effect of carefully tracked menstrual cycle phase on precisely measured muscle structure and function in a physically active group (contemporary dancers). Eleven women aged (M [SD]) 23.5 [2.94] years, undergoing 10.5 [1.73] hours of contemporary dance practice and 6.12 [2.36] hours of other physical activity per week, were recruited. Sex hormone level (enzyme-linked immunosorbent assays (ELISA), skin temperature and ovulation kits), physical pain assessments (Ice Water Test, Visual Analogue Scale, The Physical Activity Readiness Questionnaire, Self-Estimated Functional Inability Because of Pain Questionnaire, and Pain Anxiety Symptoms Scale), muscle architecture measurement (B-mode ultrasonography), and physical functioning (dynamometry, force-platform and electromyography) on both lower limbs were measured at three time points during one cycle, following three months of menstrual cycle monitoring. There was no difference in musculoskeletal flexibility variables between follicular, ovulatory, or luteal phases. Nonetheless, oestrogen change was associated with variability in 11 musculoskeletal variables, progesterone change was associated with variability in 7, and relaxin change was associated with variability in 15. Negative correlations existed between progesterone and flexibility and between oestrogen and jump variables. Moreover, oestrogen and relaxin were associated with increased musculoskeletal compliance, whilst progesterone was associated with increased muscle stiffness. In short, in absolute sex hormone levels, ‘inter-individual’ variances appear more impactful than ‘intra-individual’ variances. Not only are oestrogen and progesterone associated with differing musculoskeletal outcomes, but relaxin is also associated with musculoskeletal compliance changes. These effects are anticipated to impact jump height and flexibility, and hence, they could be expected to affect overall physical performance, including dance.






Keywords:


dancer; flexibility; jumps; menstrual cycle; skeletal muscle; oestrogen; progesterone; relaxin












1. Introduction


Oestrogen and progesterone fluctuations across menstrual cycle phases (MCPs) [1] have been found to lead to differing physiological effects [2,3] that may influence exercise performance [4,5,6]. Over the MCP, oestrogen is expected to peak twice (just after ovulation and then mid-follicular phase), whereas progesterone is expected to peak once (during the luteal phase). Relaxin, on the other hand, works to increase the compliance of some tendons [7] and is expected to rise after ovulation and drop again if pregnancy does not occur. Notably, oestrogen receptors are found in collagenous tissue such as the human anterior cruciate ligament [8]. Previous authors Park et al. [9] assessed knee laxity and its increase from the follicular phase to ovulation, linking these effects to high oestradiol during ovulation and to high progesterone during the luteal phase, though with marked inter-individual variability. Whilst some studies find greater joint laxity in the ovulatory phase compared to the other two phases [10,11,12], other studies have found no impact of MCP on tendon biomechanical properties [13,14], tendon fibril characteristics, or collagen cross-linking (8). A recent scoping review also describes that not only are menstrual cycle peaks of relaxin associated with matrix metalloproteinases (MMPs) activation and, hence, local collagen and gelatine degradation, but also, women have relaxin receptors in multiple joints, such that high relaxin levels correlate with greater joint laxity and a higher incidence of musculoskeletal injuries [15]. The inconsistency in findings between studies might result from varying measurement methods (e.g., validity of criterion outcome such as referring to tendon stiffness when joint laxity was assessed, measurement of serum vs. saliva hormone levels) and the timing of measurements (i.e., relative to menstrual cycle phase duration, which phases of the menstrual cycle have been contrasted, or whether sufficient delay has been allowed for any measurable hormonal impact).



Previous authors Eiling et al. [14] found considerable change in muscle stiffness (i.e., muscle resistance to changes in muscle length) across the 28-day menstrual cycle, which might cause a difference in strength and jump height performance. Indeed, they reported greater knee laxity in the ovulation phase than in the follicular and luteal phases and linked this effect to high oestradiol and low progesterone in the ovulation phase. It is also important to note that pain perception may also alter across the MCPs due to oestrogen’s influence on sensory processes, with a greater pain sensitivity in the menstrual and pre-menstrual phases than in the mid-menstrual and ovulatory phases [16,17]. The modulation of pain plays a role in flexibility training since stretch tolerance affects physical performance and the amount of load tolerated during the physical procedure of stretching [18]. Studies have evaluated variables that affect flexibility performance, such as muscle–tendon unit range of motion (ROM) [19], tendon laxity [20], pain tolerance, and muscle–tendon unit stiffness [21]. However, no study has examined flexibility modification in a multi-factorial approach across the MCPs, especially in terms of the modulation of flexibility via muscle structure and/or function. Understanding any multiway interaction between these parameters (i.e., hormonal levels vs. flexibility vs. muscle-tendon unit structural characteristics vs. sensory factors) is essential for populations for whom flexibility is a crucial skill, such as for dance.



Therefore, current study aimed to evaluate the effect of different MCP time points and/or hormonal changes in dancers on flexibility modulation by assessing muscle structure and function in both legs. Given the current focus on lower limb function, the semitendinosus (ST) was selected owing to its involvement in flexibility and jump performance. The hypothesis was that the muscle–tendon unit stiffness and pain tolerance would decrease with elevated levels of oestradiol (e.g., during the ovulation phase), leading to an increase in the ROM, whilst stiffness would increase with high levels of progesterone (e.g., during the luteal phase), thus improving jump performance.




2. Materials and Methods


Ethical approval was granted by Manchester Metropolitan University and performed according to the latest version of the Declaration of Helsinki [22], approval code (22.12.15 (ii). Participants provided written informed consent.



2.1. Participants


Eleven women (mean [SD]: age 23.5 [2.9] years, body mass 67.7 [15.6] kg, height 1.63 [0.05] m) were included in the study. Participants were contemporary dance students with an average of 10.5 [1.73] hours of dance practice and 6.12 [2.36] hours of other physical activity per week. The Physical Activity Readiness Questionnaire (ParQ) was used to uncover any potential health risks associated with exercise according to the ACSM Standards and Guidelines for Health and Fitness Facilities [23]. Inclusion criteria comprised the absence of injuries in the lower back and lower limbs in the last month or previous injuries that the research protocols could aggravate and the absence of pharmaceutical contraception for the last six months. Exclusion criteria were no formal dance background and recently (within last 6 months) or currently taking any medication likely to affect physical performance abilities.




2.2. Timing and Order of Procedures


Laboratory-based assessments occurred in four separate sessions: familiarisation with all procedures, booked at each participant’s first convenience; and three months later, following three months of body temperature, urinary ovulation assessment, and menstruation diaries, three further sessions were booked to coincide with mid-luteal, ovulation (within 1 day), and mid-follicular phases of one menstrual cycle. During familiarisation, participants trained for the flexibility and jump tests. Participants attended the phlebotomy laboratory at university during each test session in the morning after 12 h overnight fast. They were asked to drink 500 mL of water approximately two hours before data collection to standardise hydration levels (according to the ACSM recommendations). Serum and saliva samples were used to analyse hormone concentration. A trained phlebotomist collected blood from one of the antecubital fossa veins, and the participant allowed saliva to freely flow into a collection tube. Following the phlebotomy/saliva sampling procedures, participants had breakfast consisting of (naturally caffeine-free) fruit tea, water, two slices of whole grain bread with butter or jam, yoghurt, and fruit (approximately 250 kcal). Anthropometry measurements were performed, before the participant laid supine on a physiotherapy bed for the ultrasound recordings of the Semitendinosus (ST). The participant performed the jump pre-test consisting of three maximal counter movement jumps (CMJ), immediately followed by three maximal squat jumps (SJ). No warm-ups before the jumps were performed. Then, participants were positioned on the flexibility equipment test. Finally, participants undertook the pain mixed-method assessment. See below for details.




2.3. A priori Identification of Menstrual Cycle Phases, Length, and Regularity


A paper-based menstrual cycle calendar and a digital basal thermometer (Geratherm, Geratherm Medical, Geschwenda, Germany) with an accuracy of ±0.10 °C were given to participants to continuously track their menstrual cycle for three full months before the tests. The basal temperature was measured, to two decimal places, daily after waking up, and the days of menstruation were noted down. In addition, a urinary ovulation kit (One Step Ultra Early Pregnancy Tests at 10 mIU/mL, One + Step®, Shanghai International Holding Corp, Hamburg, Germany) was used to confirm ovulation. The kit consisted of strips of colorimetric enzyme immunoassays of urinary LH used daily starting five days before the predicted ovulation (inferred from the preceding days of paper-based temperature records). This was expected to exhibit an LH surge, suggestive of ovulation within 14–26 h [24]. Meanwhile, the luteal phase testing was at the mid-point between the ovulation measurement day and the next expected first day of menstruation with associated continued elevated temperature, and the follicular testing was immediately after the last day of menstruation. A 2-day window for testing was allowed for laboratory measurements at each phase to fit with participants’ availability.




2.4. Biochemical Analyses


Whole blood analysis of fasting plasma glucose was performed using an Accutrend Plus (Roche Diagnostics Limited, Welwyn Garden City, UK) monitoring device and Accutrend test strips (Roche Diagnostics Limited, Welwyn Garden City, UK) to ensure participants were in a fasted state (Lin’s coefficient: glucose = 0.958 [25]). Commercially available enzyme-linked immunosorbent assay (ELISA) kits were used to determine serum and saliva hormone concentrations, including oestrogen, progesterone, and relaxin. Serum coefficients of variation (CVs) were as follows: oestrogen 8.4–9.2% and relaxin 2.1–3.6% (R&D Systems, Bio-techne, Minneapolis, MN, USA); progesterone < 10% (Abbexa, Cambridge, UK). Saliva CVs were as follows: oestrogen 2.4–8.3% and progesterone 3.5–8% (Demeditec Diagnostics, Kiel, Germany).




2.5. Anthropometry and In Vivo Body Composition


Body height (to the closest 0.1 cm) and body mass (wearing light clothing, to the nearest 0.1 kg) were measured with participants standing in an orthostatic position using a wall-mounted stadiometer (Holtain Ltd., Crymych, UK) and a digital body mass scale (Sseca GmbH & Co. KG., Hamburg, Germany), respectively. This allowed the computation of body mass index (BMI). A bioelectrical impedance analysis (BIA) (BodyStat 500, Bodystat Ltd., Isle of Man, UK) was used to estimate relative body fat, lean mass, and basal metabolic rate. Calf, thigh, hip, and waist circumferences were assessed using a standard tape measure.




2.6. Muscle Architecture


ST ultrasound assessments (MyLabTM Gamma; Esaote, Reading, Berks, UK) were conducted with a scanning frequency of 7.50 MHz, in brightness mode (B mode) with a depth of penetration of 49.3 mm and a focus of 27.0–31.0. Live streaming of all assessments was captured by an HP computer running video capture software (Premier 6.0, Adobe Systems, San Jose, CA, USA) through an analogue-to-digital converter (Pinnacle, Corel Inc., Ottawa, Ont., Canada). Structural measures of the ST were taken at 50% length from the femur’s head to the lateral epicondyle and mid-width of the thigh. The medial and lateral boundaries of the muscle and its cross-sectional area (CSA) scans (Figure 1A) were identified in the transverse plane. Muscle thickness measurements (Figure 1B) (distance between the superficial and deep aponeurosis) were measured in the sagittal plane alongside the fat thickness and total thickness (from the subcutaneous adipose tissue–muscle interface to the muscle–bone interface).



Accuracy of muscle thickness as described above has been previously established [26,27]. Ultrasound scans were recorded and digitised on an HP Windows laptop and analysed offline with digitising software Version 1.1.20123.0 (Dartfish for video capture, Gimp (Adobe, Maidenhead, UK) for digital image manipulation and ImageJ (National Institutes of Health and the Laboratory for Optical and Computational Instrumentation (LOCI), LOCI- Laboratory for Optical and Computational Instrumentation, The University of Wisconsin, Madison, WI, USA) for digital image measurement).




2.7. Jump Performance Assessment


Two synchronised force platforms (AMTI, Watertown, MA, USA) mounted side by side with an acquisition frequency of 1000 Hz [28] and the software 2.6 Nexus Motion Capture (Oxford Metrics, LA, USA) were used to acquire jump ground reaction force. Three counter movement jumps (CMJ) followed by three squat jumps (SJ) were completed with a 20-s interval between trials. The highest CMJ and SJ were recorded as a measure of the participant’s jump performance. Peak force and impulse were combined from each of the force plates and used to obtain take-off velocity and jump height using the impulse–momentum relationship and equations of uniform acceleration, respectively.




2.8. Semitendinosus Flexibility


Participants were positioned on a purpose-built flexibility machine designed to measure passive torque, passive ROM, and first sensation of stretch (FSS) in the right and left lower limb separately (Figure 2). Participants were positioned, supine, on the machine with their greater trochanter aligned with the lever rotation axis and their ankle supported 2 cm proximal to the lateral malleolus. The machine’s load cell (located under this ankle support) measured the ST resistance force whilst being stretched. Whilst in the supine position, the hip was considered to have 0° of flexion and the knee was maintained at 0° of flexion while the hip was being flexed. With straps on the ankle, the distal third of the thigh and anterior superior iliac spines were used to maintain the supine position and extended knee. The contralateral limb was strapped to the table, and cushions underneath the lower back and neck were used both for comfort and to minimise any compensatory movements.



The participant interacted with the machine in two ways: (1) by pressing primary control buttons to rotate the lever arm to which the lower limb was attached, thereby stretching the ST during (passive hip) flexion; (2) by pressing a secondary control button at the first sensation of stretch, i.e., tension in the ST. For gravity correction, used to adjust the torque values, participants lay supine, and the mass of their lower limb was measured with the hip at 0° hip flexion. The potentiometer, the load cell, and the FSS control button were connected to an analogue/digital converter (NI USB-6008 National Instruments, Austin, TX, USA), connected to a desktop computer (Porgété Z30, Toshiba, Hammfelddamm, Neuss, Germany). The Dasylab program 11.0 (Dasytec Daten System Technik GmbH, Ludwigsburg, Germany) was used for data acquisition and analysis.



Flexibility tests consisted of a series of six passive stretches at 5 °/s, controlled by the participant, until reaching the maximal hip flexion ROM that was tolerated by the participant (ROMMax). At this point, the acquired passive torque value was defined as torqueMax. Participants would press the second control button when they perceived the first sensation of stretch (FSS) by feeling the hamstrings’ tension. This way, ROM and torque respective values were noted as FSSROM and FSStorque. The muscle–tendon unit passive stiffness (SMTU) was calculated as the torque variation divided by the ROM variation [29] in the third portion of the length–tension curve obtained during the stretch to guarantee no muscle activation. Elastic potential energy was calculated as the area under this curve. Participants were blindfolded to avoid any visual stimuli interfering with their stretch tolerance. The reliability for the six trials of ROMMax, torqueMax, FSSROM, and FSStorque were assessed via intraclass correlation coefficients and ranged from good to excellent for all the variables (>0.67 and <0.85) [30].




2.9. Muscle Electromyographical Activity


EMGs from the ST and rectus femoris (RF) were measured during both the flexibility and jump tests using surface electromyography (Trigno, Delsys, Natick, Massachusetts, USA) using a frequency of acquisition of 1000 Hz and an amplification of ×1000. ST electrodes were positioned at the medial point of the ischial tuberosity and the medial epicondyle of the femur [31,32] and the RF electrodes at the medial point of the RF tendon and the patella [33]. Isometric muscle contractions were performed to check the signal quality during hip flexion and hip extension. Data processing began with rectification following the removal of any offsets and then conversion to root mean square (RMS) with a window of 0.1 s and overlap of 0.08 s. Subsequently, the muscle activation value relative to resting muscle activation (%RVC) was used as a normalisation protocol for dynamic efforts (i.e., in the flexibility and jump tests) to allow for comparison between participants. The resting value was chosen at the point when the participant was prepared to perform the jump tests but before any movement had begun. For the flexibility analyses, any EMG signal exceeding the resting baseline value plus twice the standard deviation was excluded [20,21]. Establishment of this threshold of low EMG activity was used to confirm the stretch’s passive nature in the analysed signals.




2.10. Pain Mixed-Method Assessment


Finally, participants undertook the pain mixed-method assessment where they were randomly assigned to the Ice Water Test (IWT) followed by completing questionnaires, or vice versa, to minimise any order effect. The IWT was performed to characterise participants’ sensitivity to pain and involved two water containers sufficiently deep to allow the dominant forearm’s immersion up to the elbow, one with cold water and the other at body temperature. A general purpose liquid-in-glass thermometer ranging from −10 to 110 °C, 50 mm immersion (B60300-0000, H-B Instrument, Loughborough, Leicestershire UK), was immersed in each container to ensure the temperature remained at 35–39° Celsius (body temperature) or −3–0° Celsius (cold sensation). Each participant’s dominant forearm was immersed in the body temperature container for 120 s to standardise initial conditions before the IWT. Participants were instructed to hold for as long as possible with the arm under the water and take their arms out of the water whenever they felt they could no longer tolerate the cold. A digital chronometer recorded the time of withdrawal or the cut-off threshold at 120 s.



Qualitative (affective and sensory) aspects of the possible pain experienced during cold and warm water immersion were assessed using the Visual Analogue Scale (VAS). The scale was shown to participants at 15 s intervals while their arm remained in the cold water to obtain the representative level of discomfort from zero (no pain) to ten (the maximal pain ever felt). The SEFIP (Self-Estimated Functional Inability Because of Pain questionnaire) was designed for dancers [34,35] in injury and pain research utilizing a body map to localise pain, whereby 16 body areas are rated on a 5-point Lickert scale. The short form 20 version of the PASS (Pain Anxiety Symptoms Scale) [36,37] assessed four subscales referred to as dimensions in pain research: cognitive anxiety, escape and avoidance, fear, and physiological anxiety. This questionnaire produces two outcomes (TotalPASS, i.e., the total score, and PASSPhysio, i.e., physiological anxiety score).




2.11. Data Reduction


To identify if any asymmetry level between limbs would vary across the menstrual cycle, delta [D − nD)/D] was calculated (where D is the dominant limb and nD the non-dominant limb, with the dominance determined as the limb with the largest range of motion—ROM). Not only is asymmetry an interesting physical function marker of itself, but soft tissue asymmetry has also been shown to vary with changes in luteinising hormone [38]. A normalisation of all dependent variables and hormone concentrations values was made by expressing data relative to values at the follicular phase. This is because both progesterone and oestrogen levels are expected to be low; therefore, changes could be highlighted in the following phases. In addition, differences in these normalised values were statistically assessed (see below) between each menstrual cycle phase, and, where significant, changes were then correlated against relative changes in hormones.




2.12. Outcome Variables


Table 1 summarises the assessed variables in each phase of the three phases of the menstrual cycle for the dominant and non-dominant limbs.




2.13. Statistical Analyses


SPSS Statistics (v24 International Business Machines Corporation, New York, NY, USA) was used for statistical analyses. Levene and Shapiro–Wilk statistical tests were performed to test homogeneity of variance and normality of the data, respectively. A comparison between the flexible (dominant limb—D) and least flexible (non-dominant limb—nD) lower limb (hereafter referred to as leg dominance) for all the dependent variables across the MCPs (ovulatory, follicular and luteal) was performed using a repeated measures ANOVA with six levels of IVs (2 limbs, each at 3 time points) (when parametric assumptions were met) or the Friedman test (when assumptions were not met). Pair-wise post hoc t-tests or Wilcoxon comparisons were performed to highlight which pairs were the basis for the main effect.



A second analysis using the repeated measures ANOVA with three factors (when parametric) or the Friedman test (when non-parametric) was performed to compare the relative change (i.e., delta) between limbs [(D − nD)/D] for each variable between the MCPs. Relative change in all dependent variables and relative change in hormone concentrations were correlated using values from the follicular phase as a baseline. Finally, co-variance analyses (ANCOVA) were performed to evaluate the hormonal influence on the dependent variables and, hence, correct for covariates where appropriate. The statistical significance adopted was α ≤ 0.05, and adequate study power was determined when β ≥ 0.8 (and effect size was notable when pε2 ≥ 0.2. Note that pε2 was only computed when study power was adequate).





3. Results


3.1. Descriptive Analysis


The characteristics of the dancers during three time points in the menstrual cycle phases are shown in Table 2. Notably, the average duration of the menstrual cycle over the three months of monitoring was 32 ± 7 days (range of 23 to 45 days), with measurements on day 5 ± 2 for follicular, day 16 ± 4 for ovulation, and day 24 ± 6 for luteal. Most variables presented homogeneity of variance with the exception of FSStorque (p = 0.037) and peak force (p = 0.018) for the CMJ in the non-dominant limb, total peak force (p = 0.005) for the SJ, upper back (p = 0.015), back thighs (p = 0.036), shoulders (0.001), and ankles/feet (p = 0.004).




3.2. Hormonal Variation between Three Menstrual Cycle Phases


Despite the trends showing oestrogen to be the greatest during the ovulatory phase, it was remarkable that, due to large inter-individual variance, no significant differences between the phases were found for oestrogen, progesterone, and relaxin levels across the menstrual cycle phases (Figure 3).




3.3. Structural, Functional, and Pain Sensation Characteristics across Three Menstrual Cycle Phases and Limb Comparisons


Only two of the outcome variables, TotalPASS (F3.515 p = 0.049; η2p = 0.260; β = 0.59) and PASSPhysio (F7.219 p = 0.009; η2p = 0.419; β = 0.82), significantly differed when structural, functional, and pain sensation characteristics were compared across menstrual cycle phases. TotalPASS was found to be greater during the ovulation phase when compared to the luteal phase (p = 0.009). No differences, however, were found either between luteal and follicular (p = 0.416) or ovulatory and follicular (p = 0.060) phases. The PASSPhysio score was found to be significantly greater in the ovulatory phase compared to the luteal (p = 0.023) and follicular phases (p = 0.001). No difference was found between follicular and luteal phases (p = 0.250). In addition, only ROMMax showed a difference between limbs (F4.157 p = 0.019; η2p = 0.294; β = 0.76).



The ROMMax in the dominant limb was significantly higher than the non-dominant limb in all the menstrual cycle phases (follicular p = 0.004, ovulatory p = 0.001, and luteal p = 0.001), although no significant differences were found in this variable across the phases (Table 2).




3.4. Relative Changes and Correlations between Change in Outcome Variables and Change in Hormone Levels


A secondary analysis was performed to identify if any existing relative asymmetry between limbs (i.e., delta [(D − nD)/D]) would vary across the menstrual cycle. No relative limb differences (delta) were found between the phases.



Figure 2 shows whether each hormone’s relative change (i.e., DELTA) in the luteal/follicular phase differed from its DELTA in the ovulatory/follicular phase. Relaxin was the only hormone which presented a significant difference in the variation between ovulation/follicular and luteal/follicular phases.



Table 3 shows only the statistically significant correlations between hormones and structural, functional, and pain sensation characteristics. It is, thus, remarkable that oestrogen change was associated with a change in 11 musculoskeletal outcome variables, progesterone change was associated with a change in 6 muscle–tendon characteristic outcome variables, and relaxin change was associated with a change in 14 muscle–tendon characteristic outcome variables.





4. Discussion


The current study aimed to evaluate any modulatory effect of different time points and/or hormonal profile changes across the MCP on flexibility, muscle structure, and function in dancers. It was hypothesised that in the ovulatory phase, the ROMMax would be increased, and in the luteal, the ROMMax would be decreased due to the variation in hormonal concentrations of oestrogen, progesterone, and/or relaxin in each phase. Thus, the structural and functional characteristics of the MTU were expected to be affected. Previous literature found significantly higher oestradiol levels during the post-ovulatory and mid-luteal phases than the menses, and progesterone levels were significantly lower during the menses and post-ovulatory phases than the mid-luteal phase [39]. In contrast, in the present study, there was no significant group change in menstrual hormones through the menstrual cycle phases; this could be due to (a) large inter-individual variability or (b) menstrual cycle irregularities. Previous research found irregularities in dancers’ menstrual cycle [40,41,42,43,44,45]. In addition, changes in habitual exercise levels [46] and even the emotional status of an individual [47,48] may add to both inter- and intra-individual variability, making it challenging to reach the targeted assessment phase. Unless days are counted in retrospect, it is difficult to predict the exact day of ovulation [4]; therefore, any variation in either habitual physical activity or mental status might have affected our accuracy in testing at the true hormonal peak and/or accounting for any delay in the physiological effects of hormonal variations. The range of different research methods [49], such as timing and number of phases tested [50,51,52,53,54] and heterogeneity in oestrogen levels [55], helps to obscure possible MCP hormonal effects on exercise performance, since their potential effect is most likely to be found during the phases with no hormonal dysregulation, i.e., significantly different hormone levels across the menstrual cycle [4].



4.1. Accuracy of Targeting of Hormonal Peaks within the MCP


Some, but not all, ovulating women have a body basal temperature increase of approximately 0.3 °C after ovulation, sustained throughout the luteal phase [56,57,58,59]. Although in the current study, the temperature increases after ovulation averaged to 1.60 ± 0.16 °C across the MCPs, there was high variability in this outcome measure. In a 30-year analysis of human MCP temporal characteristics, the average 28-day menstrual cycle was unsupported [60], varying substantially [60,61,62]. Each woman has a central trend and variation, which changes with age [60,63]. Inconsistencies from one menstrual cycle to another do not necessarily reflect alterations in the bleeding pattern [64]; therefore, participants with menstrual abnormalities could be considered normal without in-depth hormonal analysis [65].



The ovulation kit aims to detect the urine-increased LH level just before ovulation with 99% accuracy and a correlation between 68–84% to the gold standard methods of predicting ovulation [66,67]. However, the urine strips’ detected ovulation does not always coincide with the peak in the basal body temperature [68]. Potential sources of error include improper test kit performance, differing kit sensitivities, individual test kit variation, variation in the amplitude and duration of LH surges, and variation in the interpretation of the test window colour [24,66,67]. Notwithstanding potential shortcomings in oestrogen testing, the longitudinal pre-test monitoring within the current study minimised any issues with targeting the planned menstrual cycle phases. It does not, however, detract from the possibility of hormonal dysregulation and/or the possibility of a spontaneously sporadic anovulatory cycle in our study sample [69], despite their regular menstruations and urine-based ovulation marker tracked over three months.




4.2. Inferences from Grouped Raw Data


No differences were observed for the ST CSA, fat thickness, ST thickness, total body lean mass, thigh width, and thigh length across the MCPs in the current study. It is interesting to note that the ST CSA has been shown to decrease with long term reductions in oestrogen due to menopause [70]. Postmenopausal women tend to be susceptible to many deleterious changes in musculoskeletal characteristics, unless undergoing hormone replacement therapy [71], suggesting that oestrogen may have a muscle-strengthening action [71,72]. Phillips et al. [71] found muscle CSA to vary significantly between MCPs. However, the CSA was measured anthropometrically using callipers, while the ST CSA in the current study was acquired via ultrasound imaging. Despite the higher precision with ultrasound imaging compared to anthropometry, no differences were found in the present study across the MCP. Previous authors [73,74] also did not find differences in weight, per cent body fat, the sum of skinfolds, haemoglobin concentration, haematocrit, maximum heart rate, maximum minute ventilation, maximum respiratory exchange ratio, anaerobic performance, endurance time to fatigue (at 90% of VO2max), or isokinetic strength of knee flexion and extension in between the luteal and follicular phases, corroborating the current study. In contrast, a study with daily body weight measurements in 28 young women found the highest body weight in the late luteal phase and in the first days of menstruation, followed by abrupt weight loss. A short increase peak in body weight after ovulation was also found by other authors [75]. The increase in body weight across the menstrual cycle might be related to fluid retention. A study examining daily self-reported “bloating” over one year found peak retention on the first day of menstrual flow. However, neither oestradiol nor progesterone levels were significantly associated with this bloating [76].



The absence of anthropometric and MTU structural differences in the present study were consistent with the finding that there was no menstrual variation in the vertical jump and flexibility variables. Bell et al. [77] found that hamstring MTU stiffness did not change across the menstrual cycle, corroborating other authors’ findings [78,79]. Muscle strength might be related to oestrogen peak [80] with an increased incidence of anterior cruciate ligament injuries [81] due to the increased joint laxity [11,20]. Notwithstanding this, no other strength-related variable differed between the phases. Phillips et al. [71] measured muscle strength throughout the menstrual cycle, detecting ovulation by urine luteinising hormone measurements or change in basal body temperature, and found a significant increase in strength during the follicular phase when oestrogen levels rose and a significant decrease in strength around ovulation.



No correlation between plasma oestrogen and muscle force was found; oestrogen action on the muscle might take hours or days to occur. In previous work, neuromuscular and biomechanical characteristics were not influenced by oestradiol and progesterone fluctuations [39]. MCP variations and the use of oral contraception did not affect knee or hip joint loading during jumping and landing tasks [82]. Confounding variables require the use of caution when comparing studies; for example, progesterone concentration is higher in the morning [83], and post-exercise status may increase oestrogen and progesterone serum concentrations [84,85].



The ROMMax was statistically different between the limbs across all phases, with no difference between the phases. Delta comparison [(D − nD)/D] confirmed that the asymmetry level does not vary across the MCP. If the circulating hormonal levels variation affects ROM, both limbs are equally affected, with a similar result for the other variables. The total PASS and PASS Physiological Anxiety subscale in the ovulatory phase were more significant than the luteal, with no difference between the other phases. The ovulation higher score suggests greater fearful appraisals of pain [86]. Although the PASS Physiological Anxiety subscale is related to the bodily reaction when experiencing or anticipating pain and was shown to be higher at ovulation, corroborating the pain research across the menstrual cycle, neither the torqueMax nor the FSStorque, variables associated with the stretch tolerance, were shown to be different between the phases or the limbs. Stretch pain is associated with stretch stimulations in soft tissue; controlling it helps ROM increase [87]. Each MCP may be related to a variety of behavioural outcomes, such as the perception of attention, memory, and pain [88]. However, none of those factors appeared to affect flexibility across the phases.




4.3. Inferences from Individually Normalised Data


A ratio of all dependent variables and hormone concentrations was performed using values from the follicular phase as the baseline due to low levels of progesterone and oestrogen; therefore, changes could be highlighted in the following phases. Also, between MCPs, differences in these relative changes were statistically assessed. When those changes were significant, they were correlated against relative changes in hormones within each female. It was, thus, highly informative to find a substantial number of significant associations, potentially indicative of a causal effect of hormones on these outcome variables. Although no group difference in the hormonal concentration was found across the MCPs, Δ oestrogen luteal/follicular was negatively correlated with Δ muscle length, Δ muscle CSA, Δ fat thickness, and Δ muscle activity (EMG) during the CMJ, while Δ oestrogen ovulatory/follicular was positively correlated with Δ ST thickness, Δ FSStorque, and ΔCMJ EMGRF. Δ progesterone showed the opposite behaviour for similar variables, being positively correlated when oestrogen was negatively correlated and vice versa. These results, the direction of the correlations, and the dependent variables that the hormones are correlated to corroborate findings from the literature suggesting an MTU-loosening effect of oestrogen and a tightening effect of progesterone. Although relaxin is more prominent after pregnancy, its variation seems related to the tissue’s laxity, corroborating previous literature [89]. Notably, relaxin was the only hormone which presented a significant difference in the variation between ovulation/follicular and luteal/follicular phases (see Figure 3). It is important to note that this study was underpowered and should be repeated in a larger sample size.




4.4. Study Limitations and Recommendations for Future Work


Whilst the current study was rigorously conducted, it nonetheless has some limitations. First, participants self-reported their LH surge as the urine tests were unsupervised. It is plausible that some may have simply misreported this data point, hence impacting the scheduling of laboratory tests. It is recommended that future studies have an element of supervision for the daily temperature and other tests so as to minimize this reliance on participants’ reports. Second, whilst the sample size proved powered for a number of our outcome measures, it was still modest; hence, it inhibited sub-grouping where only those with hormonal changes could be segregated for further analyses. Thus, future studies in larger samples are required.





5. Conclusions


No differences in the grouped data in circulating female hormones were found across the MCP, highlighting the heterogeneity of menstrual cycle phases in dancers. There is also the possibility of hormonal dysregulation in our study sample, despite their regular menstruations and urine-based ovulation-marker tracked over three months. There were also no differences in limb asymmetries across the MCP. However, the relative individual changes in hormonal levels were associated with most of the relative changes in the key outcome measures, including the structural and functional characteristics of the MTU. Thus, a negative correlation between progesterone and flexibility and a negative correlation between oestrogen and jump variables follow the suggested role of these hormones. Furthermore, oestrogen and relaxin were associated with increased MTU compliance, whilst progesterone was associated with increased muscle stiffness. Relaxin was correlated with even more outcome variables. It was the only hormone which presented a significant association with the variation between ovulation/follicular and luteal/follicular phases, highlighting its essential role in MTU laxity beyond pregnancy time.







Author Contributions


Conceptualization, B.P.-M., A.M.B., C.I.M. and G.L.O.-P.; methodology, B.P.-M., A.M.B., C.I.M. and G.L.O.-P.; formal analysis, B.P.-M., A.M.B., C.I.M. and G.L.O.-P.; resources, B.P.-M. and G.L.O.-P.; data curation, B.P.-M.; writing—original draft preparation, B.P.-M. and G.L.O.-P.; writing—review and editing, B.P.-M., A.M.B., C.I.M. and G.L.O.-P.; supervision, A.M.B., C.I.M. and G.L.O.-P.; project administration, G.L.O.-P.; funding acquisition, B.P.-M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—Brasil (CAPES), grant number 99999.002176/2015-07 and the APC was funded by Manchester Metropolitan University.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki and approved by The Manchester Metropolitan University Department of Exercise and Sport Science Ethics Sub-Committee (protocol code 22.12.15 (ii), on 22 December 2015).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study. Written informed consent has been obtained from Pessali-Marques (co-author), who is featured in Figure 2.




Data Availability Statement


Upon acceptance to be published, all data associated within this manuscript will be made available as either a ZIP folder to the publisher or a direct hyperlink to a digital storage resource within Manchester Metropolitan University.




Acknowledgments


We are grateful to all our study participants for their dedication to months of monitoring and early visits to the laboratories. Without such engagement with our research, none of the work would have been possible nor reliable.




Conflicts of Interest


The authors declare no conflicts of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Strauss, J.F.; Barbieri, R.L. Yen & Jaffe’s Reproductive Endocrinology E-Book: Physiology, Pathophysiology, and Clinical Management; Elsevier Health Sciences: Amsterdam, The Netherlands, 2013. [Google Scholar]

	



Becker, J.B.; Hu, M. Sex differences in drug abuse. Front. Neuroendocrinol. 2008, 29, 36–47. [Google Scholar] [CrossRef] [PubMed]

	



Hackney, A.C.; Kallman, A.L.; Ağgön, E. Female sex hormones and the recovery from exercise: Menstrual cycle phase affects responses. Biomed. Hum. Kinet. 2019, 11, 87–89. [Google Scholar] [CrossRef] [PubMed]

	



Xanne, A.K.; De Jonge, J. Effects of the Menstrual Cycle on Exercise Performance. Sports Med. 2003, 33, 833–851. [Google Scholar]

	



Carmichael, M.A.; Thomson, R.L.; Moran, L.J.; Wycherley, T.P. The impact of menstrual cycle phase on athletes’ performance: A narrative review. Int. J. Environ. Res. Public Health 2021, 18, 1667. [Google Scholar] [CrossRef] [PubMed]

	



Meignié, A.; Duclos, M.; Carling, C.; Orhant, E.; Provost, P.; Toussaint, J.-F.; Antero, J. The effects of menstrual cycle phase on elite athlete performance: A critical and systematic review. Front. Physiol. 2021, 12, 654585. [Google Scholar] [CrossRef] [PubMed]

	



Pearson, S.J.; Burgess, K.E.; Onambélé, G.L. Serum relaxin levels affect the properties of some but not all tendons in normally menstruating young women. Exp. Physiol. 2011, 96, 681–688. [Google Scholar] [CrossRef] [PubMed]

	



Sciore, P.; Frank, C.B.; Hart, D.A. Identification of sex hormone receptors in human and rabbit ligaments of the knee by reverse transcription-polymerase chain reaction: Evidence that receptors are present in tissue from both male and female subjects. J. Orthop. Res. 1998, 16, 604–610. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.-K.; Stefanyshyn, D.J.; Loitz-Ramage, B.; Hart, D.A.; Ronsky, J.L. Changing hormone levels during the menstrual cycle affect knee laxity and stiffness in healthy female subjects. Am. J. Sports Med. 2009, 37, 588–598. [Google Scholar] [CrossRef]

	



Deie, M.; Sakamaki, Y.; Sumen, Y.; Urabe, Y.; Ikuta, Y. Anterior knee laxity in young women varies with their menstrual cycle. Int. Orthop. 2002, 26, 154–156. [Google Scholar] [CrossRef]

	



Heitz, N.A.; Eisenman, P.A.; Beck, C.L.; Walker, J.A. Hormonal changes throughout the menstrual cycle and increased anterior cruciate ligament laxity in females. J. Athl. Train. 1999, 34, 144–149. [Google Scholar]

	



Yamazaki, T.; Maruyama, S., Sato; Suzuki, Y.; Shimizu, S.; Kaneko, F.; Ikezu, M.; Matsuzawa, K.; Edama, M. A preliminary study exploring the change in ankle joint laxity and general joint laxity during the menstrual cycle in cis women. J. Foot Ankle Res. 2021, 14, 21. [Google Scholar] [CrossRef] [PubMed]

	



Belanger, M.J.; Moore, D.C.; Crisco, J.J.; Fadale, P.D.; Hulstyn, M.J.; Ehrlich, M.G. Knee laxity does not vary with the menstrual cycle, before or after exercise. Am. J. Sports Med. 2004, 32, 1150–1157. [Google Scholar] [CrossRef]

	



Eiling, E.; Bryant, A.L.; Petersen, W.; Murphy, A.; Hohmann, E. Effects of menstrual-cycle hormone fluctuations on musculotendinous stiffness and knee joint laxity. Knee Surg. Sports Traumatol. Arthrosc. 2007, 15, 126–132. [Google Scholar] [CrossRef]

	



Parker, E.A.; Meyer, A.M.; Goetz, J.E.; Willey, M.C.; Westermann, R.W. Do Relaxin Levels Impact Hip Injury Incidence in Women? A Scoping Review. Front. Endocrinol. 2022, 13, 827512. [Google Scholar] [CrossRef] [PubMed]

	



Tommaso, M. Pain Perception during Menstrual Cycle. Curr. Pain Headache Rep. 2011, 15, 400–406. [Google Scholar] [CrossRef] [PubMed]

	



Piroli, A.; Mattei, A.; Carta, G.; D’Alfonso, A.; Palermo, P.; Marinangeli, F.; Alfonsi, B.; Testa, A.; Pasquale, C.; Varrassi, G.; et al. Influence of the menstrual cycle phase on pain perception and analgesic requirements in young women undergoing gynecological laparoscopy. Pain Pract. 2018, 19, 140–148. [Google Scholar] [CrossRef]

	



Chagas, M.H.; Menzel, H.-J.; Bhering, E.L.; Bergamini, J.C. Comparação de duas diferentes intensidades de alongamento na amplitude de movimento. Rev. Bras. de Med. do Esporte 2008, 14, 99–103. [Google Scholar] [CrossRef]

	



Pessali-Marques, B.; Peixoto, G.H.; Cabido, C.E.; Andrade, A.G.P.; Rodrigues, S.A.; Tourino, F.D.; O’Dowd, D.; Chagas, M.H. Biomechanical Response to Acute Stretching in Dancers and Non-Dancers. J. Danc. Med. Sci. 2020, 24, 12–18. [Google Scholar] [CrossRef]

	



Sumant, S.A.; Wakode, P. Game of laxity between female sex hormones in menstrual cycle & ligamentous structures: A mini literature review. Int. J. Recent Adv. Multidiscip. Res. 2021, 08, 7144–7147. [Google Scholar]

	



Chagas, M.H.; Magalhães, F.A.; Peixoto, G.H.C.; Pereira, B.M.; Andrade, A.G.P.; Menzel, H.-J.K. Exploratory factor analysis for differentiating sensory and mechanical variables related to muscle-tendon unit elongation. Braz. J. Phys. Ther. 2016, 20, 240–247. [Google Scholar] [CrossRef]

	



Association, W.M. World Medical Association Declaration of Helsinki: Ethical principles for medical research involving human subjects. JAMA 2013, 310, 2191–2194. [Google Scholar]

	



American College of Sports Medicine. ACSM’s Health/Fitness Facility Standards and Guidelines; Human Kinetics: Champaign, IL, USA, 2012. [Google Scholar]

	



Miller, P.B.; Soules, M.R. The usefulness of a urinary LH kit for ovulation prediction during menstrual cycles of normal women. Obstet. Gynecol. 1996, 87, 13–17. [Google Scholar] [CrossRef] [PubMed]

	



Coqueiro, R.d.S.; Santos, M.C.; Neto, J.d.S.L.; de Queiroz, B.M.; Brügger, N.A.J.; Barbosa, A.R. Validity of a Portable Glucose, Total Cholesterol, and Triglycerides Multi-Analyzer in Adults. Biol. Res. Nurs. 2014, 16, 288–294. [Google Scholar] [CrossRef]

	



Miyatani, M.; Kanehisa, H.; Kuno, S.; Nishijima, T.; Fukunaga, T. Validity of ultrasonograph muscle thickness measurements for estimating muscle volume of knee extensors in humans. Eur. J. Appl. Physiol. 2001, 86, 203–208. [Google Scholar] [CrossRef] [PubMed]

	



Kanehisa, H.; Ito, M.; Kawakami, Y.; Fukunaga, T.; Miyatani, M. The accuracy of volume estimates using ultrasound muscle thickness measurements in different muscle groups. Eur. J. Appl. Physiol. 2004, 91, 264–272. [Google Scholar] [CrossRef]

	



Menzel, H.-J.; Chagas, M.H.; Szmuchrowski, L.A.; Araujo, S.R.; de Andrade, A.G.; de Jesus-Moraleida, F.R. Analysis of Lower Limb Asymmetries by Isokinetic and Vertical Jump Tests in Soccer Players. J. Strength Cond. Res. 2013, 27, 1370–1377. [Google Scholar] [CrossRef]

	



Latash, M.L.; Zatsiorsky, V. Biomechanics and Motor Control: Defining Central Concepts; Academic Press: Cambridge, MA, USA, 2015. [Google Scholar]

	



Cicchetti, D.V. Guidelines, criteria, and rules of thumb for evaluating normed and standardized assessment instruments in psychology. Psychol. Assess. 1994, 6, 284. [Google Scholar] [CrossRef]

	



Mchugh, M.P.; Magnusson, S.P.; Gleim, G.W.; Nicholas, J.A. Viscoelastic stress relaxation in human skeletal muscle. Med. Sci. Sports Exerc. 1992, 24, 1375–1382. [Google Scholar] [CrossRef]

	



Rodacki, A.L.; Fowler, N.E.; Bennett, S.J. Multi-segment coordination: Fatigue effects. Med. Sci. Sports Exerc. 2001, 33, 1157–1167. [Google Scholar] [CrossRef] [PubMed]

	



Chauhan, B.; Hamzeh, M.A.; Cuesta-Vargas, A.I. Prediction of muscular architecture of the rectus femoris and vastus lateralis from EMG during isometric contractions in soccer players. SpringerPlus 2013, 2, 548. [Google Scholar] [CrossRef]

	



Yurt, Y.; Yakut, Y.; Sener, G. AB1106 Validity and reliability of turkish version of self estimated functional inability because of pain (SEFIP) questionnaire and determination of pain profile in a turkish folk dancer group. Ann. Rheum. Dis. 2013, 71, 701. [Google Scholar] [CrossRef]

	



Miletic, D.; Sekulic, D.; Ostojic, L. Body physique and prior training experience as determinants of SEFIP score for university dancers. Med. Probl. Perform. Artist. 2007, 22, 110–115. [Google Scholar] [CrossRef]

	



McCracken, L.M.; Dhingra, L. A short version of the pain anxiety symptoms scale (PASS-20): Preliminary development and validity. Pain Res. Manag. 2002, 7, 45–50. [Google Scholar] [CrossRef] [PubMed]

	



McCracken, L.M. Pain Anxiety Symptoms Scale (PASS) and short version PASS-20. In Encyclopedia of Behavioral Medicine; Springer: New York, NY, USA, 2013; pp. 1423–1424. [Google Scholar]

	



Manning, J.T.; Gage, A.R.; Diver, M.J.; Scutt, D.; Fraser, W.D. Short-term changes in asymmetry and hormones in men. Evol. Hum. Behav. 2002, 23, 95–102. [Google Scholar] [CrossRef]

	



Abt, J.P.; Sell, T.C.; Laudner, K.G.; McCrory, J.L.; Loucks, T.L.; Berga, S.L.; Lephart, S.M. Neuromuscular and biomechanical characteristics do not vary across the menstrual cycle. Knee Surg. Sports Traumatol. Arthrosc. 2007, 15, 901–907. [Google Scholar] [CrossRef] [PubMed]

	



Frisch, R.E.; Wyshak, G.; Vincent, L. Delayed Menarche and Amenorrhea in Ballet Dancers. N. Engl. J. Med. 1980, 303, 17–19. [Google Scholar] [CrossRef] [PubMed]

	



Warren, M.P.; Brooks-Gunn, J.; Fox, R.P.; Holderness, C.C.; Hyle, E.P.; Hamilton, W.G. Osteopenia in exercise-associated amenorrhea using ballet dancers as a model: A longitudinal study. J. Clin. Endocrinol. Metab. 2002, 87, 3162–3168. [Google Scholar] [CrossRef]

	



Warren, M.P.; Brooks-Gunn, J.; Fox, R.P.; Holderness, C.C.; Hyle, E.P.; Hamilton, W.G.; Hamilton, L. Persistent osteopenia in ballet dancers with amenorrhea and delayed menarche despite hormone therapy: A longitudinal study. Fertil. Steril. 2003, 80, 398–404. [Google Scholar] [CrossRef] [PubMed]

	



Brooks-Gunn, J.; Warren, M.P.; Hamilton, L.H. The relation of eating problems and amenorrhea in ballet dancers. Med. Sci. Sports Exerc. 1987, 19, 41–44. [Google Scholar] [CrossRef]

	



Carson, T.L.; Hazzard, V.M.; Finn, E.; Lipson, S.K. Participation in varsity sports, dance, and Greek life associated with menstrual disturbance in a national sample of female college students. J. Am. Coll. Health 2022, 70, 2365–2372. [Google Scholar] [CrossRef]

	



Witkoś, J.; Wróbel, P. Menstrual disorders in amateur dancers. BMC Women’s Health 2019, 19, 87. [Google Scholar] [CrossRef]

	



Gupta, D.S.; Jadhav, N.A.; Kanase, S.B. Effect of Diet, Physical Activity, and Psychosocial Factors, on Menstrual Cycle Abnormalities in College Students of Karad, Maharashtra, India. J. Evol. Med. Dent. Sci. 2021, 10, 1048–1054. [Google Scholar] [CrossRef]

	



Green, S.A.; Graham, B.M. Symptom fluctuation over the menstrual cycle in anxiety disorders, PTSD, and OCD: A systematic review. Arch. Women’s Ment. Health 2021, 25, 1–15. [Google Scholar]

	



Schliep, K.C.; Mumford, S.L.; Vladutiu, C.J.; Ahrens, K.A.; Perkins, N.J.; Sjaarda, L.A.; Kissell, K.A.; Prasad, A.; Wactawski-Wende, J.; Schisterman, E.F. Perceived stress, reproductive hormones, and ovulatory function: A prospective cohort study. Epidemiology 2015, 26, 177. [Google Scholar] [CrossRef]

	



Schmalenberger, K.M.; Tauseef, H.A.; Barone, J.C.; Owens, S.A.; Lieberman, L.; Jarczok, M.N.; Girdler, S.S.; Kiesner, J.; Ditzen, B.; Eisenlohr-Moul, T.A. How to study the menstrual cycle: Practical tools and recommendations. Psychoneuroendocrinology 2020, 123, 104895. [Google Scholar] [CrossRef]

	



Sarwar, R.; Niclos, B.B.; Rutherford, O.M. Changes in muscle strength, relaxation rate and fatiguability during the human menstrual cycle. J. Physiol. 1996, 493, 267–272. [Google Scholar] [CrossRef]

	



Sherman, B.M.; Korenman, S.G. Hormonal characteristics of the human menstrual cycle throughout reproductive life. J. Clin. Investig. 1975, 55, 699–706. [Google Scholar] [CrossRef]

	



Sherman, B.M.; West, J.H.; Korenman, S.G. The menopausal transition: Analysis of LH, FSH, estradiol, and progesterone concentrations during menstrual cycles of older women. J. Clin. Endocrinol. Metab. 1976, 42, 629–636. [Google Scholar] [CrossRef]

	



Van Goozen, S.H.; Wiegant, V.M.; Endert, E.; Helmond, F.A.; Van de Poll, N.E. Psychoendocrinological assessment of the menstrual cycle: The relationship between hormones, sexuality, and mood. Arch. Sex. Behav. 1997, 26, 359–382. [Google Scholar] [CrossRef]

	



Wojtys, E.M.; Huston, L.J.; Boynton, M.D.; Spindler, K.P.; Lindenfeld, T.N. The effect of the menstrual cycle on anterior cruciate ligament injuries in women as determined by hormone levels. Am. J. Sports Med. 2002, 30, 182–188. [Google Scholar] [CrossRef]

	



Falk, R.T.; Xu, X.; Keefer, L.; Veenstra, T.D.; Ziegler, R.G. A liquid chromatography-mass spectrometry method for the simultaneous measurement of 15 urinary estrogens and estrogen metabolites: Assay reproducibility and interindividual variability. Cancer Epidemiol. Biomark. Prev. 2008, 17, 3411–3418. [Google Scholar] [CrossRef]

	



Marshall, J. Thermal Changes in the Normal Menstrual Cycle. BMJ 1963, 1, 102–104. [Google Scholar] [CrossRef]

	



Horvath, S.M.; Drinkwater, B.L. Thermoregulation and the menstrual cycle. Aviat. Space Environ. Med. 1982, 53, 790–794. [Google Scholar]

	



Bauman, J.E. Basal body temperature: Unreliable method of ovulation detection. Fertil. Steril. 1981, 36, 729–733. [Google Scholar] [CrossRef]

	



Bull, J.R.; Rowland, S.P.; Scherwitzl, E.B.; Scherwitzl, R.; Danielsson, K.G.; Harper, J. Real-world menstrual cycle characteristics of more than 600,000 menstrual cycles. NPJ Digit. Med. 2019, 2, 83. [Google Scholar] [CrossRef]

	



Treloar, A.E.; Boynton, R.E.; Behn, B.G.; Brown, B.W. Variation of the human menstrual cycle through reproductive life. Int. J. Fertil. 1967, 12 Pt 2, 77–126. [Google Scholar] [CrossRef]

	



Shea, A.A.; Vitzthum, V.J. The extent and causes of natural variation in menstrual cycles: Integrating empirically-based models of ovarian cycling into research on women’s health. Drug Discov. Today Dis. Model. 2020, 32, 41–49. [Google Scholar] [CrossRef]

	



Soria-Contreras, D.C.; Perng, W.; Rifas-Shiman, S.L.; Hivert, M.; Chavarro, J.E.; Oken, E. Menstrual cycle length and adverse pregnancy outcomes among women in Project Viva. Paediatr. Périnat. Epidemiol. 2022, 36, 347–355. [Google Scholar] [CrossRef]

	



Li, H.; Gibson, E.A.; Jukic, A.M.Z.; Baird, D.D.; Wilcox, A.J.; Curry, C.L.; Fischer-Colbrie, T.; Onnela, J.-P.; Williams, M.A.; Hauser, R.; et al. Variation in menstrual cycle length by age, race/ethnicity, and body mass index in a large digital cohort of women in the US. medRxiv 2022. [Google Scholar] [CrossRef]

	



Harlow, S.D.; Ephross, S.A. Epidemiology of menstruation and its relevance to women’s health. Epidemiol. Rev. 1995, 17, 265–286. [Google Scholar] [CrossRef]

	



Sherman, B.M.; Korenman, S.G. Measurement of plasma LH, FSH, estradiol and progesterone in disorders of the human menstrual cycle: The short luteal phase. J. Clin. Endocrinol. Metab. 1974, 38, 89–93. [Google Scholar] [CrossRef]

	



Nielsen, M.S.; Barton, S.D.; Hatasaka, H.H.; Stanford, J.B. Comparison of several one-step home urinary luteinizing hormone detection test kits to OvuQuick®. Fertil. Steril. 2001, 76, 384–387. [Google Scholar] [CrossRef]

	



Su, H.W.; Yi, Y.C.; Wei, T.Y.; Chang, T.C.; Cheng, C.M. Detection of ovulation, a review of currently available methods. Bioeng. Transl. Med. 2017, 2, 238–246. [Google Scholar] [CrossRef]

	



Quagliarello, J.; Arny, M. Inaccuracy of basal body temperature charts in predicting urinary luteinizing hormone surges. Fertil. Steril. 1986, 45, 334–337. [Google Scholar] [CrossRef]

	



Lynch, K.E.; Mumford, S.L.; Schliep, K.C.; Whitcomb, B.W.; Zarek, S.M.; Pollack, A.Z.; Bertone-Johnson, E.R.; Danaher, M.; Wactawski-Wende, J.; Gaskins, A.J.; et al. Assessment of anovulation in eumenorrheic women: Comparison of ovulation detection algorithms. Fertil. Steril. 2014, 102, 511–518. [Google Scholar] [CrossRef]

	



Juppi, H.-K.; Sipilä, S.; Cronin, N.J.; Karvinen, S.; Karppinen, J.E.; Tammelin, T.H.; Aukee, P.; Kovanen, V.; Kujala, U.M.; Laakkonen, E.K. Role of menopausal transition and physical activity in loss of lean and muscle mass: A follow-up study in middle-aged finnish women. J. Clin. Med. 2020, 9, 1588. [Google Scholar] [CrossRef]

	



Phillips, S.K.; Sanderson, A.G.; Birch, K.; Bruce, S.A.; Woledge, R.C. Changes in maximal voluntary force of human adductor pollicis muscle during the menstrual cycle. J. Physiol. 1996, 496, 551–557. [Google Scholar] [CrossRef]

	



Chidi-Ogbolu, N.; Baar, K. Effect of estrogen on musculoskeletal performance and injury risk. Front. Physiol. 2019, 9, 1834. [Google Scholar] [CrossRef]

	



Lebrun, C.M.; McKENZIE, D.C.; Prior, J.C.; Taunton, J.E. Effects of menstrual cycle phase on athletic performance. Med. Sci. Sports Exerc. 1995, 27, 437–444. [Google Scholar] [CrossRef]

	



de Souza, L.B.; Martins, K.A.; Cordeiro, M.M.; Rodrigues, Y.d.S.; Rafacho, B.P.M.; Bomfim, R.A. Do food intake and food cravings change during the menstrual cycle of young women? Rev. Bras. De Hematol. E Hemoter. 2018, 40, 686–692. [Google Scholar] [CrossRef]

	



Watson, P.E.; Robinson, M.F. Variations in body-weight of young women during the menstrual cycle. Br. J. Nutr. 1965, 19, 237–248. [Google Scholar] [CrossRef] [PubMed]

	



White, C.P.; Hitchcock, C.L.; Vigna, Y.M.; Prior, J.C. Fluid Retention over the Menstrual Cycle: 1-Year Data from the Prospective Ovulation Cohort. Obstet. Gynecol. Int. 2011, 2011, 138451. [Google Scholar] [CrossRef]

	



Bell, D.R.; Myrick, M.P.; Blackburn, J.T.; Shultz, S.J.; Guskiewicz, K.M.; Padua, D.A. The effect of menstrual-cycle phase on hamstring extensibility and muscle stiffness. J. Sport Rehabil. 2009, 18, 553–563. [Google Scholar] [CrossRef]

	



Burgess, K.; Pearson, S.; Breen, L.; Onambélé, G. Tendon structural and mechanical properties do not differ between genders in a healthy community-dwelling elderly population. J. Orthop. Res. 2009, 27, 820–825. [Google Scholar] [CrossRef] [PubMed]

	



Burgess, K.E.; Pearson, S.J.; Onambélé, G.L. Patellar Tendon Properties with Fluctuating Menstrual Cycle Hormones. J. Strength Cond. Res. 2010, 24, 2088–2095. [Google Scholar] [CrossRef]

	



Blagrove, R.C.; Bruinvels, G.; Pedlar, C.R. Variations in strength-related measures during the menstrual cycle in eumenorrheic women: A systematic review and meta-analysis. J. Sci. Med. Sport 2020, 23, 1220–1227. [Google Scholar] [CrossRef]

	



Wojtys, E.M.; Huston, L.J.; Lindenfeld, T.N.; Hewett, T.E.; Greenfield, M.L.V.H. Association between the menstrual cycle and anterior cruciate ligament injuries in female athletes. Am. J. Sports Med. 1998, 26, 614–619. [Google Scholar] [CrossRef]

	



Chaudhari, A.M.W.; Lindenfeld, T.N.; Andriacchi, T.P.; Hewett, T.E.; Riccobene, J.; Myer, G.D.; Noyes, F.R. Knee and Hip Loading Patterns at Different Phases in the Menstrual Cycle. Am. J. Sports Med. 2007, 35, 793–800. [Google Scholar] [CrossRef]

	



Syrop, C.H.; Hammond, M.G. Diurnal variations in midluteal serum progesterone measurements. Fertil. Steril. 1987, 47, 67–70. [Google Scholar] [CrossRef] [PubMed]

	



Keizer, H.A.; Rogol, A.D. Physical Exercise and Menstrual Cycle Alterations. Sports Med. 1990, 10, 218–235. [Google Scholar] [CrossRef]

	



Jurkowski, J.E.; Jones, N.L.; Walker, C.; Younglai, E.V.; Sutton, J.R.; Horton, T.J.; Miller, E.K.; Bourret, K.; Glueck, D.; Tench, K.; et al. Ovarian hormonal responses to exercise. J. Appl. Physiol. 1978, 44, 109–114. [Google Scholar] [CrossRef] [PubMed]

	



Zvolensky, M.J.; Goodie, J.L.; McNeil, D.W.; Sperry, J.A.; Sorrell, J.T. Anxiety sensitivity in the prediction of pain-related fear and anxiety in a heterogeneous chronic pain population. Behav. Res. Ther. 2001, 39, 683–696. [Google Scholar] [CrossRef] [PubMed]

	



Morishita, K.; Karasuno, H.; Yokoi, Y.; Morozumi, K.; Ogihara, H.; Ito, T.; Hanaoka, M.; Fujiwara, T.; Fujimoto, T.; Abe, K. Effects of Therapeutic Ultrasound on Range of Motion and Stretch Pain. J. Phys. Ther. Sci. 2014, 26, 711–715. [Google Scholar] [CrossRef] [PubMed]

	



Kowalczyk, W.J.; Evans, S.M.; Bisaga, A.M.; Sullivan, M.A.; Comer, S.D. Sex Differences and Hormonal Influences on Response to Cold Pressor Pain in Humans. J. Pain 2006, 7, 151–160. [Google Scholar] [CrossRef]

	



Dragoo, J.L.; Castillo, T.N.; Braun, H.J.; Ridley, B.A.; Kennedy, A.C.; Golish, S.R. Prospective correlation between serum relaxin concentration and anterior cruciate ligament tears among elite collegiate female athletes. Am. J. Sports Med. 2011, 39, 2175–2180. [Google Scholar] [CrossRef]








[image: Jfmk 09 00038 g001] 





Figure 1. (A): Semitendinosus ultrasound cross-sectional area image. (a) Skin; (b) subcutaneous fat; (c) muscle aponeuroses. (B): Ultrasound image. (a) Fat thickness; (b) semitendinosus thickness; (c) lean total thickness. Note: All images were recorded during tests of the current study. 
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Figure 2. 1. Push button to control the ascending and descending movements of the lever. 2. The ankle support designed in a “U” shape to minimise hip external rotation. 3. Load cell (CS 15 V, Líder Balança, Araçatuba, SP, Brazil) to measure the MTU’s resistance force against stretch. 4. Amplifier (Strain Gauge Transducer SMOWO, RW-ST01, Shanghai Tianhe Automation Instrumentation Co., Shanghai, China). 5. Support for the thigh to avoid hyperextension of the knee. 6. Controller to signal the FSS: a tension in the hamstrings. 7. Potentiometer (TT Electronics ABW1 5K +/− 10% Rapid Electronics part no 51-7053, Abercynon, United Kingdom TT) to record the ROM. 8. Analogical/digital converter (NI USB-6008 National Instruments). 9. Computer: Dasylab program 11.0 (Dasytec Daten System Technik GmbH, Ludwigsburg, Germany). 10. Motor (Parvalux motor and right angle gearbox model BH11 8PU PM3d LWS63690/01J, Parvalux, Bournemouth, United Kingdom). 11. Straps to fix the limb. 12. Cushions for the neck and lumbar areas. 13. Adjustable sections according to participant’s limb length. 14. Lever. (Photos: Bárbara Pessali-Marques). 
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Figure 3. Average and standard deviation of oestrogen, progesterone, and relaxin at follicular, ovulatory, and luteal phases of the menstrual cycle. The bracket indicates the only significant difference, i.e., the Wilcoxon-based comparison of the relaxin changes in luteal—ovulatory vs. luteal—follicular phases of the menstrual cycle (p = 0.001). For progesterone, the lowest p = 0.097; whilst for oestrogen the lowest p = 0.271. 
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Table 1. Outcome variables assessed in each menstrual cycle phase for dominant and non-dominant limb.






Table 1. Outcome variables assessed in each menstrual cycle phase for dominant and non-dominant limb.





	Flexibility
	Vertical Jump
	Pain Mix Method
	EMG
	Ultrasonography
	Serum, Saliva, and Whole Blood





	ROMMax

TorqueMax

FSSROM

FSStorque

SMTU
	Jump height

Impulse

GRF

Forcepeak

vtake-off
	SEFIP

PASS

VAS

Ice Water Test
	EMGST

EMGRF

during CMJ and SJ

and flexibility tests
	CSA

Length

Width

Fat thickness

Lean thickness

Semitendinosus thickness
	Oestrogen

Progesterone

Relaxin (serum)

Glucose







ROM: range of motion, Max: maximal, FSS: first sensation of stretch, S: stiffness, MTU: muscle–tendon unit, GRF: ground reaction force, V: velocity, SEFIP: Self-Estimated Functional Inability because of Pain, PASS: Pain Anxiety Symptom Scale, VAS: visual analogue scale, EMG: electromyography, RF: rectus femoris, ST: semitendinosus, CMJ: countermovement jump, SJ: squat jump, CSA: cross-sectional area.













 





Table 2. Descriptive analysis of the dancers across three menstrual cycle phases (average ± standard deviation). Note that there are no statistically significant differences in raw data.
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Follicular

	
Ovulatory

	
Luteal






	
Age (years)

	
23.5 ± 2.94




	
Height (m)

	
1.63 ± 0.05




	
Body mass (kg)

	
67.5 ± 16.0

	
67.6 ± 15.6

	
67.8 ± 16.0




	
Fat%

	
25.35 ± 4.53

	
30.3 ± 6.8

	
30.81 ± 6.03




	
Lean%

	
69.50 ± 6.94

	
69.7 ± 6.8

	
69.18 ± 6.03




	
Estimated basal metabolic rate (j)

	
6487.20 ± 636.34

	
6460.7 ± 588.1

	
6449.00 ± 696.53




	
Body mass index (Kg/m2)

	
25.29 ± 4.62

	
25.4 ± 4.5

	
25.35 ± 4.53




	
Fasted glucose (mmol/L)

	
5.80 ± 2.97

	
6.06 ± 3.61

	
5.04 ± 1.16




	
Oestrogen (pg/mL)

	
108.7 ± 46.4

	
199.28 ± 157.4

	
161.4 ± 177.3




	
Progesterone (ng/mL)

	
8.8 ± 2.6

	
9.3 ± 3.0

	
10.5 ± 2.1




	
Relaxin (pg/mL)

	
4.6 ± 1.3

	
0.7 ± 0.4

	
4.9 ± 6.6




	
Hips circumference (cm)

	
98.2 ± 10.6

	
98.8 ± 10.1

	
100.9 ± 6.1




	
Waist circumference (cm)

	
79.7 ± 16.9

	
78.8 ± 16.6

	
77.5 ± 15.3




	

	
Dominant

	
Non-dominant

	
Dominant

	
Non-dominant

	
Dominant

	
Non-dominant




	
Calf limb circumference (cm)

	
36.72 ± 4.06

	
36.86 ± 3.67

	
37.11 ± 6.40

	
37.11 ± 0.39

	
36.22 ± 7.84

	
36.05 ± 7.84




	
Thigh circumference (cm)

	
53.31 ± 3.30

	
53.37 ± 3.75

	
51.72 ± 6.40

	
51.54 ±6.61

	
51.31 ± 6.17

	
51.31± 5.96




	
ROMMax (°)

	
135.7 ± 11 98

	
128.6 ± 13.9

	
135.6 ± 14.4

	
130.5 ± 12.8

	
136.9 ± 14.2

	
132.5 ± 39.7




	
TorqueMax (Nm)

	
121.3 ± 37.3

	
134.3 ± 40.0

	
129.9 ± 40.5

	
141.7 ± 36.9

	
134.7 ± 39.9

	
136.5 ± 39.7




	
FSSROM (°)

	
102.2 ± 15.8

	
94.9 ± 13.9

	
99.0 ± 10.5

	
96.7 ± 9.8

	
98.9 ± 9.5

	
91.6 ± 11.1




	
FSStorque (Nm)

	
32.0 ± 13.3

	
49.2 ± 31.5

	
46.4 ± 21.6

	
55.3 ± 29.6

	
46.7 ± 29.4

	
34.5 ± 25.9




	
SMTU (Nm/°)

	
2.9 ± 1.0

	
3.3 ± 0.9

	
3.1 ± 1.3

	
3.4 ± 0.9

	
3.2 ± 0.8

	
3.3 ± 1.3




	
Elastic potential energy (Nm°)

	
307.3 ± 105.3

	
302.2 ± 90.6

	
334.1 ± 122.6

	
342.6 ± 111.0

	
325.9 ± 93.7

	
341.9 ± 154.4




	
ST muscle length (cm)

	
39.2 ± 2.6

	
39.3 ± 2.5

	
39.3 ± 1.9

	
39.5 ± 2.0

	
39.6 ± 1.9

	
39.3 ± 1.7




	
ST muscle width (cm)

	
3.8 ± 0.5

	
3.7 ± 0.6

	
3.8 ± 0.8

	
3.82 ± 0.6

	
3.9 ± 0.9

	
4.1 ± 1.1




	
ST CSA (mm2)

	
5.2 ± 1.4

	
5.3 ± 1.2

	
5.6 ± 1.8

	
5.4 ± 2.0

	
5.4 ± 1.8

	
5.2 ± 1.8




	
ST fat thickness (mm)

	
1.3 ± 0.6

	
1.4 ± 0.6

	
1.4 ± 0.5

	
1.4 ± 0.5

	
1.13 ± 0.4

	
1.2 ± 0.5




	
ST muscle lean (mm)

	
5.2 ± 0.6

	
5.3 ± 0.8

	
5.4 ± 0.4

	
5.4 ± 0.3

	
5.3 ± 0.6

	
5.2 ± 0.8




	
CMJ impulse (Ns)

	
85.7 ± 32.9

	
64.0 ± 26.3

	
70.9 ± 23.8

	
76.9 ± 15.5

	
73.0 ± 15.4

	
74.5 ± 22.9




	
CMJ ground reaction force (N)

	
349.0 ± 97.3

	
356.1 ± 71.3

	
360.3 ± 95.6

	
350.4 ± 73.8

	
376.9 ± 95.7

	
332.5 ±