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RESUMEN 

 

Introducción: En los últimos años se ha producido un incremento de la participación 

femenina en deportes y actividades físicas recreativas. Especialmente, el entrenamiento 

de fuerza se ha popularizado entre el colectivo femenino, entre otras razones, por sus 

innumerables beneficios principalmente relacionados con la mejora de la composición 

corporal y la prevención de lesiones.  Todo ello ha propiciado el reciente incremento en 

la literatura científica de estudios que evalúan distintas respuestas del organismo 

femenino al ejercicio de fuerza. Algunos de estos estudios han demostrado que mujeres 

y hombres no somos iguales en cuanto a aspectos como la utilización de recursos 

energéticos, la fatigabilidad o la capacidad de desarrollar fuerza. De hecho, se ha sugerido 

que las hormonas sexuales podrían limitar el daño muscular postejercicio. Este fenómeno 

ocurre principalmente tras la realización de contracciones excéntricas y/o ejercicios 

extenuantes o a los que no estamos acostumbrados, influyendo a su vez en la expresión 

de ciertos genes que regulan la respuesta inflamatoria. Sin embargo, la mayoría de estos 

estudios no tienen en cuenta los diferentes estados hormonales que transcurren a lo largo 

de la vida de la mujer. De hecho, la mayoría de ellos tampoco analiza con rigurosidad las 

fluctuaciones hormonales que tienen lugar durante las diferentes fases del ciclo menstrual 

o de un ciclo anticonceptivo. Por tanto, los objetivos de esta tesis fueron por un lado, 

realizar una revisión sistemática de la literatura y un meta-análisis sobre ciclo menstrual 

y daño muscular, para determinar qué fases del ciclo son más susceptibles de provocar un 

mayor daño muscular; y por otro lado, con los datos procedentes del Proyecto 

IronFEMME (Iron and muscular damage: Female Exercise Metabolism during the 

MEnstrual Cycle), evaluar la influencia del ciclo menstrual, de los anticonceptivos orales 

y de la menopausia, en el daño muscular postejercicio y la consiguiente inflamación en 
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mujeres entrenadas en ejercicio de fuerza, tras realizar un protocolo de ejercicio 

excéntrico. 

 

Método: Siguiendo la metodología PRISMA (Preferred Reported Items for Systematic 

Reviews and Meta-Analysis), se realizó un meta-análisis incluyendo los artículos que 

evaluaban daño muscular postejercicio en mujeres, al menos en una fase del ciclo 

menstrual de las siguientes: folicular temprana, folicular tardía y lútea media. Por otro 

lado, un total de 19 mujeres eumenorreicas (edad: 29±6 años; estatura: 163,4±6,1 cm; 

peso: 59,9±5,6 kg), 18 mujeres usuarias de anticonceptivos orales (26±4 años; 162,4±5,0 

cm; 58,1±5,7 kg) y 13 mujeres postmenopáusicas (52±4 años; 163,6±6,3 cm; 53,9±3,3 

kg) completaron el Proyecto IronFEMME. Todas las participantes eran entrenadas en 

ejercicio de fuerza, realizando como mínimo dos sesiones semanales de entrenamiento 

con cargas de al menos una hora de duración en el último año. La determinación de las 

fases del ciclo menstrual en el grupo de mujeres eumenorreicas se realizó a través de una 

metodología que incluyó control retrospectivo del ciclo menstrual, análisis de hormonas 

en sangre y predicción de la ovulación utilizando tests de orina. Todas las participantes 

realizaron un protocolo de ejercicio de fuerza que consistió en 10 series de 10 sentadillas 

paralelas con barra, cargada con el 60% de su 1RM, y realizando 2 minutos de descanso 

entre series. Cada repetición se llevo a cabo con un tempo de 4 segundos para la fase 

excéntrica (bajada a la sentadilla), 1 segundo manteniendo la posición final tras la fase 

excéntrica, 1 segundo de fase concéntrica (subida a posición inicial), y 1 segundo de pausa 

antes de iniciar la siguiente repetición, con el objetivo de propiciar el mayor daño 

muscular posible. Las mujeres con ciclos menstruales regulares realizaron este protocolo 

de ejercicio en la fase folicular temprana, fase folicular tardía y fase lútea media del ciclo 

menstrual. Por otro lado, las mujeres usuarias de anticonceptivos orales realizaron el 
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protocolo de ejercicio en las fases no hormonal o de descanso y en la fase hormonal o de 

ingesta de anticonceptivos orales. En ambos grupos las fases fueron aleatorizadas y 

contrabalanceadas para evitar el efecto del aprendizaje. Finalmente, las mujeres 

postmenopáusicas realizaron el protocolo de ejercicio una sola vez. El dolor muscular, 

los perímetros de muslo y pierna, el rango de movimiento de cadera y rodilla, y la altura 

del salto vertical con contramovimiento (CMJ) fueron evaluados antes del protocolo de 

ejercicio y a las 24 y 48 horas después. Además, el salto CMJ se evaluó inmediatamente 

después de finalizar el ejercicio de daño muscular. Se extrajeron muestras sanguíneas 

antes del ejercicio y a las 2, 24 y 48 horas después del mismo, para el análisis de las 

hormonas sexuales y para analizar los parámetros sanguíneos relacionados con el daño 

muscular y la inflamación: creatina quinasa (CK), mioglobina, lactato deshidrogenasa 

(LDH), interleucina 6 (IL-6), factor de necrosis tumoral a (TNF-a) y proteína C reactiva 

(CRP).  Por último, se administró una escala de esfuerzo percibido al finalizar cada serie. 

 

Resultados: Un total de 19 artículos fueron incluidos en el meta-análisis, que reveló 

diferencias entre fases del ciclo tanto en el dolor muscular como en la reducción de fuerza 

(p<0.05), mientras que no se observaron diferencias entre fases para la CK. La diferencia 

de medias entre valores basales y postejercicio de dolor muscular y pérdida de fuerza fue 

menor en la fase lútea media, mientras que fue más acentuada en la fase folicular 

temprana. Por otro lado, el estudio realizado sobre el daño muscular en mujeres de varios 

perfiles reproductivos, mostró las diferencias en hormonas sexuales esperadas para cada 

grupo de población, así como para cada fase de medición. El protocolo de ejercicio 

realizado generó daño muscular, ya que los valores de las principales variables analizadas 

fueron significativamente mayores en los valores 24h postejercicio comparados con los 

valores basales (p<0.001), tanto en mujeres con ciclos menstruales regulares (dolor 
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muscular: 29,6±15,4 mm versus 3,0±6,4 mm; CK: 173,9±84,4 U·L-1 versus 105,0±37,3 

U·L-1), como en mujeres usuarias de anticonceptivos orales (dolor muscular: 44,7±19,7 

mm versus 4,4±9,2mm ; CK: 217,9±117,5 U∙L-1 versus 115,3±37,4 U∙L-1) y en mujeres 

postmenopáusicas (dolor muscular: 20,7±21,3 mm versus 2,7±4,2 mm; CK: 168,2±45,5 

U∙L-1 versus 136,2±45,5 U∙L-1). Sin embargo, en ninguno de los grupos se elevaron los 

marcadores inflamatorios tras el ejercicio (p>0.05). La única variable que pareció verse 

afectada por las fases del ciclo menstrual fue el dolor muscular percibido antes de iniciar 

el ejercicio, que fue mayor en la fase folicular temprana (4,7±7,7 mm) comparada con la 

fase folicular tardía (1,1±3,2 mm) (p=0.045). Con respecto a las mujeres usuarias de 

anticonceptivos orales, los valores de CK en la fase no hormonal (181.8±89.8 U∙L-1) 

fueron mayores que en la fase hormonal (144,0±39,7 U∙L-1) (p<0.001). Finalmente, a 

pesar de que las mujeres postmenopáusicas presentaron mayores concentraciones de 

mioglobina basales (123,1±41,5 µg∙L-1) en comparación con las mujeres eumenorreicas 

en cada una de las fases del ciclo menstrual (62,8±8,2 µg∙L-1, 60,4±7,2 µg∙L-1 y 60,1±10,6 

µg∙L-1, respectivamente para las fases folicular temprana, folicular tardía y lútea media; 

p<0.001 para todas las comparaciones), en la respuesta postejercicio no se observaron 

diferencias entre grupos (p>0.05).  

 

Conclusiones: Los resultados obtenidos del meta-análisis sugieren en base a la literatura 

existente que, en la fase lútea media, donde se presentan concentraciones elevadas de 

hormonas sexuales, los incrementos en dolor muscular y reducción de fuerza parecen ser 

más leves, mientras que se acentúan en la fase folicular temprana, donde las 

concentraciones de hormonas sexuales presentan sus niveles más bajos. Tras analizar los 

resultados del Proyecto IronFEMME, se observó que las fases del ciclo menstrual no 

influyen en el daño muscular postejercicio tras un protocolo excéntrico de sentadillas. Sin 
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embargo, la percepción de dolor muscular antes del ejercicio pareció ser mayor en la fase 

folicular temprana, por lo que en esta fase, se podría ver afectada la predisposición a 

realizar ejercicio intenso. Por otro lado, en mujeres usuarias de anticonceptivos orales, 

los mayores niveles de CK postejercicio en la fase no hormonal podrían indicar una mayor 

vulnerabilidad del tejido muscular. Sin embargo, la ausencia de diferencias en otras 

variables no permite indicar una influencia clara de la fase del ciclo anticonceptivo en el 

daño muscular. Finalmente, a pesar de que el grupo de mujeres postmenopáusicas 

presentó mayores valores basales de mioglobina que el de mujeres premenopáusicas 

eumenorreicas, no se observaron diferencias en el daño muscular postejercicio. Esto 

podría estar relacionado con un buen estado de entrenamiento a pesar de la edad y la 

carencia de hormonas sexuales ocasionada por la menopausia. Sin embargo, se necesitan 

más estudios que profundicen en este grupo de población.  

 

Palabras clave: hormonas sexuales, estrógeno, progesterona, CK, dolor muscular, 

inflamación, entrenamiento de fuerza. 
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ABSTRACT 

 

Introduction: Female participation in sports and recreational physical activities has 

increased in the last few years. Especially, strength training has become popular within 

the female population due to its countless benefits mainly related to body composition 

and injury prevention. Altogether, it has encouraged the increase of research that focuses 

on different female responses to exercise. Some of these studies have shown differences 

between males and females in several aspects as the use of energy resources, the 

fatigability or the strength development. In fact, it has been suggested that sex hormones 

could limit exercise-induced muscle damage (EIMD) mainly produced after eccentric 

contractions and/or strenuous or unaccustomed exercises, affecting the subsequent 

expression of inflammation regulatory gens. However, most of these studies have not 

considered the different reproductive status occurring over female’s lifespan, neither did 

many of them analyze rigorously the sex hormone fluctuations throughout the different 

phases of the menstrual cycle (MC) or the oral contraceptive (OC) cycle. Therefore, the 

aims of this study were to perform a systematic review and meta-analysis to evaluate 

which MC phases produce higher EIMD, and to conduct the IronFEMME Study to 

evaluate the influence of the MC, OCs and menopause on EIMD and inflammation in 

resistance trained females following an eccentric exercise.  

 

Methods: Following the Preferred Reported Items for Systematic Reviews and Meta-

Analysis (PRISMA) guidelines, a meta-analysis was performed which examined EIMD 

in at least one phase of the MC (EFP, LFP and MLP).  On the other hand, a total of 19 

eumenorrheic women (age: 29±6 years; height: 163.4±6.1 cm; body mass: 59.9±5.6 kg), 

18 women users of OCs (26±4 years; 162.4±5.0 cm; 58.1±5.7 kg), and 13 postmenopausal 
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females (52±4 years; 163.6±6.3 cm; 53.9±3.3 kg) completed the IronFEMME cross-

sectional study. All participants self-reported resistance training experience, completing 

at least two resistance training sessions per week during a minimum of a year. The MC 

phase determination in the eumenorrheic group was carried out through a rigorous and 

accurate three-step methodology consisting of retrospective calendar counting, blood 

analysis of sex hormones and urine-based tests to predict ovulation. Participants 

performed a resistance exercise protocol consisting of 10 sets x 10 reps of back squats, 

with a plate-loaded barbell at 60% of their 1RM, with 2 min rest between sets. Every rep 

was performed with a tempo of 4 seconds for eccentric phase, 1 second stop, 1 second for 

concentric phase and 1 second stop, in order to elicit as much muscle damage as possible. 

Eumenorrheic females performed the exercise on three occasions coinciding with the 

early follicular phase (EPF), late follicular phase (LFP) and mid-luteal phase (MLP) of 

the MC. Regarding the OC group, these women performed the exercise in the withdrawal 

phase and in the active pill phase of the OC cycle. In both groups, phases were 

randomized and counter-balanced in order to avoid learning effect. Finally, 

postmenopausal females performed the exercise on one occasion. Delayed onset muscle 

soreness (DOMS), thigh and calf circumferences, the range of movement (ROM) and 

counter movement jump (CMJ) were evaluated prior to and 24h and 48h post-exercise. 

In addition, CMJ was evaluated immediately post-exercise (0h). Blood samples were 

drawn prior to and 2h, 24h, and 48h post-exercise to analyze sex hormones (only pre-

trial) and blood markers of muscle damage and inflammation: creatine kinase (CK), 

myoglobine, lactate dehydrogenase (LDH), interleukin-6 (IL-6), tumor necrosis factor a 

(TNF-a) and C-reactive protein (CRP).  Finally, a 10-point scale was administered after 

every set to measure perceived exertion.  
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Results: From the 19 studies analyzed, the meta-analysis revealed differences between 

MC phases for DOMS and strength loss (p<0.05). No differences between phases were 

observed for CK. Lower differences in means between pre- and post-exercise were 

observed in the MLP for both DOMS and strength loss, while the EFP seemed to elicit 

the higher mean differences between pre- and post-exercise for both variables. The 

IronFEMME Study showed the expected differences in sex hormones according to the 

different reproductive profiles as well as to the different phases of measurement. The 

exercise protocol elicited muscle damage since in the main muscle damage variables 

analyzed, post-exercise (24h) values were significantly higher in comparison to baseline 

(p<0.001), respectively for eumenorrheic females (DOMS: 29.6±15.4 mm vs.  3.0±6.4 

mm and CK:173.9±84.4 U·L-1 vs. 105.0±37.3 U·L-1), OC users (DOMS: 44.7±19.7 mm 

vs. 4.4±9.2mm and CK: 217.9±117.5 U∙L-1vs. 115.3±37.4 U∙L-1), and postmenopausal 

females (DOMS: 20.7±21.3 mm vs. 2.7±4.2 mm and CK: 168.2±45.5 U∙L-1 vs. 

136.2±45.5 U∙L-1) No group showed increases in inflammatory markers post-exercise 

(p>0.05). However, the only variable that seemed to be affected by menstrual cycle 

phases was perceived muscle soreness before the exercise bout, which was higher in the 

EFP (4.7±7.7 mm) than in the LFP (1.1±3.2 mm) (p=0.045). Regarding OC users, CK 

values in the withdrawal phase (181.8±89.8 U∙L-1) were higher than in the active pill 

phase (144.0±39.7 U∙L-1) (p<0.001). Finally, despite postmenopausal females showing 

higher myoglobin concentrations at baseline (123.1±41.5 µg∙L-1) than premenopausal 

females in their different menstrual cycle phases (62.8±8.2 µg∙L-1, 60.4±7.2 µg∙L-1 and 

60.1±10.6 µg∙L-1 respectively for EFP, LFP and MLP; p<0.001), no differences were 

observed between groups in post-exercise response (p>0.05).  
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Conclusions:  

From meta-analysis results it could be suggested that post-exercise increase in muscle 

soreness and strength loss is attenuated in the MLP, where sex hormone concentrations 

are high, while this increase was higher in the EFP, due to lower sex hormone 

concentrations. IronFEMME Study results revealed that menstrual cycle phases do not 

influence EIMD in resistance trained females following a squat-based eccentric exercise. 

However, perceived muscle soreness before exercise was higher in the EFP in 

eumenorrheic women, which may impair women’s predisposition to perform strenuous 

exercise during the EFP. On the other hand, in OC users, the higher CK levels in the 

withdrawal phase may indicate higher vulnerability of tissues to be damaged. However, 

the lack of differences in any other markers of muscle damage do not warrant any 

guidance on active pill phase versus withdrawal phase. Finally, despite postmenopausal 

females showing higher baseline concentrations of myoglobin than premenopausal 

females, no differences were observed in EIMD, which might be related to the training 

status in spite of age and sex hormone deprivation derived from menopause, although 

more research is needed on this population. 

 

Keywords: sex hormones, estrogen, progesterone, CK, muscle soreness, inflammation, 

resistance training. 
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The menstrual cycle: an overview 

Women’s menstrual cycle (MC) is a sequence of circamensal rhythms domineered 

by the feedback loops within the hypothalamus-pituitary-ovary axis and the uterus (Davis 

& Hackney, 2017; Hawkins & Matzuk, 2008), hence involving both ovarian and uterine 

cycles. The first one is focused on releasing an ovum from the ovaries on a monthly basis 

to be fertilized, while the second consists of preparing the uterine endometrium for the 

implantation of the fertilized ovum at the required time of the month (Hall, 2011). The 

entire cycle takes approximately 28 days, although it may range from 21 to 35 days in a 

healthy adult female (Constantini et al., 2005). The signaling process begins in the 

hypothalamus, where gonadotropin-releasing hormone (GnRH) is released into the blood 

stream and travels to the anterior pituitary gland. This gland responds by releasing 

gonadotropin hormones: luteinizing hormone (LH) and follicle stimulating hormone 

(FSH) (Davis & Hackney, 2017) (Figure 1). In healthy women GnRH, is secreted in short 

pulses averaging once every 90 minutes (Hall, 2011).  Consequently, a cyclical variation 

of FSH and LH is produced followed by cyclical ovarian changes that determine the two 

major phases of the ovarian cycle: follicular phase and luteal phase. The follicular phase 

is focused on maturing a reproductive cell while the luteal phase is focused on its 

regression (Hall, 2019).  
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Figure 1. Hormonal changes throughout the MC. 

 
Regarding the uterine cycle, the functional layer of the endometrium is renewed during 

menses, and a bleeding discharge is produced as a consequence of vasoconstriction, 

ischemia and necrosis (Davis & Hackney, 2017). Then, from the end of menses to 

ovulation, this functional layer of endometrium is vascularized again and replaced with 

new cells during the proliferative phase of the uterine cycle. The progesterone production 

during the luteal phase aims to prepare the endometrium for development of an embryo 

(Davis & Hackney, 2017; Hall, 2011). To fully understand the different MC phases, it is 

necessary to have an insight into the origin and development of female reproductive cells. 
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Folliculogenesis 

By the time of females birth a finite number of germ cells or oocytes is given, which 

will be encapsulated in the ovaries by ‘pre-granulosa’ cells forming a pool of primordial 

follicles that will be around 500,000 at menarche (Hawkins & Matzuk, 2008; Macklon & 

Fauser, 1999). The process that follicles experience throughout their different growing 

stages, from primordial to preovulatory, is called folliculogenesis (Gougeon, 1986).  A 

cohort of primordial follicles of about 0.03 mm in diameter, become primary follicles and 

develop the granulosa cells layer in about 150 days (Figure 2).  

 

Figure 2. Stages of folliculogenesis in the adult human ovary and level of atresia in the eight 
classes of growing follicles (taken from Gougeon, 1986). 

 
In contrast, the epithelioid differentiation of theca interna takes place during secondary 

stage, which lasts 120 days (Gougeon, 1986) (Figure 2). After that, this cohort of follicles 

is able to respond to endocrine regulation since LH and FSH receptors are present in the 

theca interna and granulosa cells, respectively (Gougeon, 1986). At this point, follicles 

are about 0.12 mm in diameter and enter the growth phase becoming pre-antral. A human 
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pre-antral follicle takes 85 days to reach pre-ovulatory size of 20 mm (Figure 2). 

Specifically, the growth phase takes 65 days including pre-antral and early antral stages, 

followed by selection and maturation phases, with 10 days of duration each (Figure 2). 

These two stages consist of the recruitment and development of the follicle destinated to 

ovulate until achieving the ovulatory size (Gougeon, 1986). Follistatin hormone 

contributes to the progression of the follicle from early antral to antral or dominant (Hall, 

2019), characterized by the presence of antrum, which is a cavity filled with fluid 

containing a high concentration of estrogen (Hall, 2011). Within the antral follicle, the 

oocyte is surrounded by cumulus granulosa cells, the mural granulosa cells surround the 

antrum and the theca cells surround the entire follicle (Hawkins & Matzuk, 2008). 

Specifically, the theca externa develops into a highly vascular connective tissue capsule 

that becomes the capsule of the developing follicle (Hall, 2011). Therefore, the MC and 

their underlying hormone fluctuations stimulate the selection and maturation of the 

follicle destinated to ovulate from a specific cohort of follicles, but also, these hormone 

fluctuations trigger the entrance of follicles from different cohorts to the growing stages 

previously mentioned. In other words, at any given point in a single MC, different stages 

of folliculogenesis occur, and a large number of follicles of different sizes will be found 

in the ovaries, showing the heterogeneity of the ovarian follicle population (Gougeon, 

1986) (Figure 3). This heterogeneity is increased by a 5-day asymmetry in follicles 

growth occurring between both ovaries from early antral stage. The 90% of follicles 

entering the growth phase are eliminated by undergoing a process called atresia (Figure 

2), which is mainly linked to an inadequate differentiation of the theca interna together 

with falling FSH levels, and hence, a detrimental follicle’s development toward 

subsequent stages of growth (Gougeon, 1986; Macklon & Fauser, 1999). 
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Figure 3. Follicular development in one ovary. 

 

Menstrual cycle phases 

The beginning of the MC is considered at the onset of menses, at the early follicular 

phase (EFP), when estrogen and progesterone are at their nadirs, and an initial little spike 

in FSH takes place (Figure 1). As a result, a rapid proliferation of cells and follicles 

growth are produced. During this phase, from about 3 to 11 potential follicles, the 

dominant follicle is selected (Figure 3), being the one with the greatest number of 

granulosa cells, and hence, with the highest number of receptors and sensitivity to the 

FSH (Davis & Hackney, 2017).  This follicle will therefore be the first to increase its 

ability to aromatize androgens (Gougeon, 1986).  
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Aromatization, which is also enhanced by activin hormone, is preceded by LH 

binding to their specific receptors in the theca cells. After that, cholesterol is transformed 

into progesterone (the most important of progestins) and androgens, specifically 

androstenedione and then testosterone (Figure 4) (Davis & Hackney, 2017; Hall, 2019). 

As theca cells lack the aromatase enzyme, CYP19 which is a member of the cytochrome 

P450 superfamily, these hormones diffused out of the theca cells into the adjacent 

granulosa cells where FSH stimulates the conversion of androgens into estrogens, via 

aromatase enzymes (Hall, 2019; Hawkins & Matzuk, 2008; Tenan, 2017) (Figure 4). The 

three possible isoforms of estrogen are estrone, estriol and estradiol β-17. The latter is the 

primary contributor to the reproductive function.  

 

 
Figure 4. Simplified conversion pathway from cholesterol to sex steroid hormones. � Indicates 
actions by aromatase enzymes. Modified from Hackney 2017; Hall & Guyton, 2011. 

 
As a result of aromatization, estrogen levels increase half-way through the mid-

follicular phase (MFP) promoting granulosa cells to form increasing numbers of FSH 

receptors, which makes the ovary even more sensitive to FSH (Hall, 2019). This creates 

an even more rapid increase in follicular secretion of estrogen aimed to support the 
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developing oocyte. By the time a follicle has reached maturity during the late follicular 

phase (LFP), its granulosa cells have acquired receptors for LH through the combined 

actions of follicle stimulating hormone (FSH) and estrogen (Keyes & Wiltbank, 1988). 

The high estrogen microenvironment during the LFP downregulates FSH from the 

anterior pituitary (Hawkins & Matzuk, 2008), which is supported by inhibin hormone, 

produced by granulosa cells (Macklon & Fauser, 1999). Inhibin, which exists in two 

forms A and B, is aimed to inhibit FSH secretion in remaining follicles that have not been 

selected as dominants (Hall, 2019). Inhibin B is higher during the follicular phase, 

especially at the LFP, while inhibin A is higher at the mid-luteal phase. The remaining 

developing follicles involute towards being atretic, as they are not able to maintain a high 

estrogen microenvironment without stimulation from FSH (Hawkins & Matzuk, 2008). 

On the other hand, the peak of estrogen levels also feedbacks positively to the anterior 

pituitary stimulating LH secretion 6- to 10-fold. This is in contrast to the normal negative 

feedback observed for LH when estrogen concentrations are low as occurring in the first 

half of the follicular phase (Hall, 2011). The LH surge together with a little spike in FSH 

as a side effect, are necessary for final follicular growth and leads to ovulation 

approximately 14 to 26 hours later (Janse de Jonge, 2003). The LH surge also causes a 

weakening and degeneration of theca externa and vasodilation by the growth of new 

blood vessels into follicle wall and prostaglandins secretion. These two effects contribute 

to follicle rupture, with discharge of the oocyte, which is expulsed from the follicle with 

cumulus granulosa cells surrounding it (Hawkins & Matzuk, 2008) (Figure 3).  

 

Once the oocyte is ovulated, LH stimulates the remaining granulosa and theca cells 

to differentiate into mainly progesterone-secreting cells, thus becoming luteinized, while 
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the follicle becomes the corpus luteum, a highly secretory organ. Lutein cells are 

programmed to go through a sequence of proliferation, hypertrophy, secretion and 

degeneration which lasts about 12 days (Gougeon, 1986; Keyes & Wiltbank, 1988). They 

enlarge in diameter and become filled with lipids that give them a yellowish appearance. 

(Hall, 2019; Hawkins & Matzuk, 2008). Hence, lutein cells secrete increasing amounts 

of progesterone (Hall, 2011) due to their greatly expanded capacity for the synthesis of 

this hormone (Keyes & Wiltbank, 1988), which results in a decrease of the overall 

concentration and effectiveness of estrogen (Davis & Hackney, 2017) in the early luteal 

phase (Figure 1). This is also affected by follistatin, which inhibits the previously 

mentioned hormone activin, involved in estrogen aromatization (Davis & Hackney, 

2017). However, since the corpus luteum still secrets β-17 estradiol in conjunction with 

progesterone, high estrogen levels are observed during the MLP coinciding with the peak 

of progesterone (Figure 1). Additionally, the corpus luteum secretes inhibin A, in order 

to keep preventing the growth of other ovarian follicles. These hormones provide 

feedback effects on the anterior pituitary gland to maintain low secretion rates of both 

FSH and LH  and also to the hypothalamus, producing a decrease in GnRH (Hall, 2011).  

 

As fertilization or implantation does not occur, the corpus luteum regresses 

completely. Final involution normally occurs at the end of almost exactly 12 days of 

corpus luteum life, which is around the 26th day of the normal female sexual cycle, 2 days 

before menstruation begins (Hall, 2011). The cessation of secretion of estrogen, 

progesterone, and inhibin by the corpus luteum removes the feedback inhibition of the 

anterior pituitary gland, and gonadotrophins are released again, initiating the growth of 

new follicles, beginning a new ovarian cycle. The paucity of secretion of progesterone 
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and estrogen at this time also leads to menstruation by the uterus. The MC is repeated 

over a woman’s lifespan until her finite population of oocytes is exhausted (Hawkins & 

Matzuk, 2008). 

 

It is worth mentioning that if fertilization occurs, the continued secretion of 

progesterone is essential to nurture the embryo and to maintain an intrauterine 

environment for its development (Keyes & Wiltbank, 1988). After fertilization and 

implantation, the corpus luteum is maintained by stimulation of human chorionic 

gonadotropin by the placenta. This hormone is also a member of the glycoprotein 

hormone family along with LH, FSH, binding to identical gonadal receptors as LH, and 

its peak occurs at approximately the end of the first trimester. Its detection in the urine 

(approximately 10 days after fertilization) is the major test of pregnancy (Hawkins & 

Matzuk, 2008).  

 

Sex hormones and muscle damage 

According to the aforementioned phenomena, sex hormone fluctuations occurring 

during the MC should be considered when exercise responses are evaluated. In this 

regard, some findings in the literature have demonstrated that sex hormones influence the 

human cardiovascular system, ventilation, thermoregulation, injury mechanisms, immune 

system and substrate metabolism during exercise (Constantini et al., 2005). For instance, 

estrogens trigger an anabolic effect and a major insulin sensitivity in comparison to the 

catabolic effect and insulin resistance enhanced by progesterone (Oosthuyse & Bosch, 

2010). Furthermore, during continuous endurance exercise heart rate and ventilation 

increased in the luteal phase, indicating higher cardiorespiratory strain in this phase 
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(Barba-Moreno et al., 2019). However, recreational female runners self-reported 

specifically better performance in the luteal phase of the cycle, although they indicated 

varying performance in the marathon over their MC phases (Greenhall et al., 2020). Other 

recent studies revealed that strength-related measures appear to be minimally altered or 

unaffected by the hormone fluctuations over the MC (Blagrove et al., 2020; Romero-

Moraleda et al., 2019), or that both endurance and resistance training performance are 

trivially reduced during the EFP in comparison to all the other phases (McNulty et al., 

2020). In light of these findings, altogether with the large between-study variation and 

other methodological shortcomings in the studies conducted on females, general 

guidelines on exercise performance over the menstrual cycle cannot still be formed. 

 

One of the processes that appears to be influenced by sex hormone fluctuations is 

exercise-induced muscle damage (EIMD), which takes place when muscle is exposed to 

strenuous and unaccustomed exercise (Kendall & Eston, 2002). Studies with animal 

models have provided some evidence that estrogens may contribute to muscle membrane 

stability and limit EIMD (Enns & Tiidus, 2010; Velders & Diel, 2013).  Due to these 

exceeding loads predominantly eccentric contractions, a high mechanic strain is produced 

overstretching and disrupting sarcomeres and therefore, myofibrils. It results in 

membrane damage, which is indeed exacerbated by the free radicals present in 

metabolically active tissues (Kendall & Eston, 2002; Peake et al., 2017; Proske & 

Morgan, 2001). As a consequence, an uncontrolled calcium release is produced from 

sarcoplasmic reticulum and T-tubes, enhancing a coupling dysfunction in the crossed 

bridge cycle. In addition, when calcium enters the cytosol could enhance the action of 

some proteolytic enzymes that could facilitate muscle proteins degradation (Kendall & 
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Eston, 2002; Peake et al., 2017). Muscle biopsies are used to evaluate EIMD directly 

while there are also some indirect markers such as the loss of muscle strength, the delayed 

onset muscle soreness (DOMS), the decrease in the range of motion (ROM), the increases 

in limb girths and the release of muscle-specific enzymes and proteins such as creatine 

kinase (CK) or myoglobin (Douglas et al., 2017; Kendall & Eston, 2002; Peake et al., 

2017). 

  

The acute phase of the muscle damage response is characterized by the 

inflammatory process in response to injury, which facilitates the movement of fluids and 

cells into the damaged tissue (MacIntyre et al., 2001; Peake et al., 2017). Essentially, 

inflammatory cells are involved in the clearance of debris while myogenic satellite cells 

promote repair and remodeling of tissues (Enns & Tiidus, 2010; Kendall & Eston, 2002; 

Tiidus, 1995). The downstream process is triggered by circulating tissue resident 

leukocytes, among which, neutrophils immediately arrive at the site of injury within the 

first 12 hours (Enns & Tiidus, 2010; Peake et al., 2017). As a consequence, the production 

of substances such as reactive oxygen and nitrogen increases, as well as the secretion of 

pro-inflammatory cytokines such as tumoral necrosis factor-a (TNF-a), which enhances 

the release of interleukin-6 (IL-6) (Enns & Tiidus, 2010; Kendall & Eston, 2002). IL-6 

and other cytokines such as interleukin-1 or interleukin-2 are also released by pro-

inflammatory macrophages that arrived at the site of injury to propagate the inflammatory 

response (Enns & Tiidus, 2010; Kendall & Eston, 2002). These are the main mediators 

of inflammation as they crosstalk between cells and trigger the response of some other 

necessary substances and molecules in the acute response as C-reactive protein (CRP) 

(Pedersen & Febbraio, 2008; Publio Giovanni Saavedra Ramírez, 2011).  Additionally, 
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IL-6 plays an anti-inflammatory role as it triggers T-regulatory lymphocyte 

differentiation. Within the first 24 hours, most damaged tissues are phagocytosed, and 

after 24 hours, anti-inflammatory macrophages and T-regulatory lymphocytes replace the 

pro-inflammatory cells; therefore, reducing inflammation and enhancing myoblast 

differentiation, which promotes the repair of tissues (Peake et al., 2017). 

 

Estrogens have been suggested to limit EIMD and its subsequent inflammation as 

they play an antioxidant role. Their structure facilitates the donation of hydrogens, 

limiting peroxidation chains reactions, and therefore, contributing to the aforementioned 

membrane stability (Kendall & Eston, 2002). Additionally, the use of hormone 

replacement therapies (HRT) in postmenopausal women has demonstrated to beneficiate 

strength (Greising et al., 2009) as well as to reduce muscle damage and inflammation 

markers after exercise (Dieli-Conwright et al., 2009). However, in premenopausal 

women, this effect has not been as clearly stated mainly due to the low number of inter-

subject studies evaluating muscle damage in different phases of the MC (Anderson et al., 

2017; Chaffin et al., 2011; Hackney et al., 2019; Mackay et al., 2019; Oosthuyse & Bosch, 

2017; Sipavičienė et al., 2013; Williams et al., 2015). Some of these studies found 

differences between phases associated to the protective role of estrogens while the rest of 

them reported lacking differences. A reason that could lead to these inconclusive findings 

is the variety of exercise modalities or training status of recruited participants. However, 

a quite important aspect that could affect the results is the methodology used to verify 

MC phase, that in most cases is not as accurate as needed (Janse de Jonge et al., 2019; 

Schaumberg et al., 2017). 
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To determine MC phases it is necessary at least to use a three-step method 

consisting of retrospective monitoring of the cycle length, blood sampling to confirm 

hormone concentrations during testing and ovulation urine-based kits to detect the surge 

of LH occurring just before ovulation (Janse de Jonge et al., 2019; Schaumberg et al., 

2017). This methodology provides information not only to properly arranged testing 

measurements but also to confirm the cycle is not anovulatory. Temperature monitoring 

could also help to determine MC phases (Tenan et al., 2013). However, from the 

previously mentioned studies, only one used this three-step method (Oosthuyse & Bosch, 

2017). Therefore, future research in females aimed to study the influence of MC phases 

in exercise responses should consider this methodology. 

 
 
Oral Contraception 
 

The use of the oral contraceptive (OC) pill is extended in both female athletes and 

physically active women, not only as a birth control method, but also to reduce the side 

effects and disturbances derived from the hormonal fluctuations during the MC 

(Schaumberg et al., 2018) that could compromise performance (Constantini et al., 2005; 

Foster et al., 2019): heavy menstrual bleeding (which increases the incidence of iron 

deficiency), dysmenorrhea (Daley, 2008), or pre-menstrual syndrome symptoms like 

fluid retention, weight gain or emotional changes.   

 

Exogenous hormones from OCs trigger a negative feedback on the hypothalamus-

pituitary axis that inhibits the surge in gonadotrophins (Elliott-Sale et al., 2013; Rechichi 

et al., 2009). As a consequence, FSH and LH are suppressed, producing the 

downregulation of endogenous steroid hormones estrogen and progesterone and avoiding 
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ovulation and the subsequent pregnancy (Elliott-Sale et al., 2013; Rechichi et al., 2009). 

Therefore, OCs eliminate the circamensal changes occurring during eumenorrheic 

females’ MC (Constantini et al., 2005).  

 

The most commonly used OC pills provide a combination of a synthetic estrogen 

(i.e. ethinyl estradiol), and a progestogen under different forms according to their capacity 

to bind progestogen receptors. They generally provide a daily basis dosage of estrogen 

and progestogen for 21 days that is the pill consumption phase or active pill phase, 

preceded by the withdrawal phase generally consisting of 7 pill free or inactive pill days 

(Rechichi et al., 2009) (Figure 5). During this withdrawal phase, endogenous 

progesterone levels stay suppressed but endogenous estrogen concentrations may rise and 

a withdrawal-related bleeding occurs. 

 

 

Figure 5. Monophasic OC cycle. 
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However, despite alleviating the disturbances derived from the hormonal 

fluctuations during the menstrual cycle (Schaumberg et al., 2018), OCs might slightly 

impair exercise performance when compared to non-use. For instance, a decline of 

aerobic performance with reductions in submaximal and peak oxygen uptake has been 

observed with OC use (Constantini et al., 2005; Rechichi et al., 2009). Likewise, 

impairments in anaerobic capacity have also been shown since estrogens seem to increase 

lipids and reduce carbohydrates oxidation during exercise (Rechichi et al., 2009). In 

contrast, the effects of OCs on power and strength are sparse (Rechichi et al., 2009).  In 

this regard, a recent review suggest that the impairments in OC users in comparison to 

naturally menstruating women are not entirely warranted so far with the existent evidence 

(Elliott-Sale et al., 2020). 

 

Regarding the influence of OCs on EIMD, several studies have shown higher levels 

of CK and a more delayed recovery in OC users compared to naturally menstruating 

women, while one study did show no difference between groups and one reported lower 

CK in OC users (Schaumberg et al., 2017; Thompson et al., 2019). However, in most of 

the studies, OC users are fixed as the control group in order to compare consistent 

conditions to fluctuating ones as occurring during the MC (Elliott-Sale et al., 2013). 

Therefore, most of studies considering OC users have only evaluated muscle damage in 

either the active pill phase (Foster et al., 2019; Minahan et al., 2015; Savage & Clarkson, 

2002) or in the withdrawal phase (Anderson et al., 2017; Hicks, Onambélé-Pearson, et 

al., 2017; Thompson et al., 1997). In this regard, a recent meta-analysis has shown no 

differences in endurance and resistance performance between OC consumption and 

withdrawal suggesting the prevailing effect of endogenous hormonal profile than the 
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supplementation of exogenous hormones (Elliott-Sale et al., 2020). However, the effect 

of OC cycle phases on EIMD needs yet to be investigated. 

 

Menopause 
 

Ovarian senescence is a gradual process occurring during several years from the 

mid 40s to the mid 50s. This period of reproductive senescence is also called climacteric 

(Figure 6) and may last for about 4 years, culminating with menopause (Al-Azzawi & 

Palacios, 2009), from the Greek word men- (month) and pausis (stop), that is the last MC 

(Prakash et al., 2017). Menopause is considered when twelve or more months of 

amenorrhea occur (Delamater & Santoro, 2018), marking the end of fertility (Figure 6). 

Traditionally, perimenopause includes an early and a late stage. The early perimenopausal 

stage is defined by occasional skipped cycles. When the follicle cohort decreases in the 

ovaries, fewer granulosa cells are generated and hence, less effective synthesis of 

estradiol per growing follicle (Al-Azzawi & Palacios, 2009; Delamater & Santoro, 2018). 

This produces a decline in inhibin leading to a loss of pituitary inhibition, and hence, the 

negative feedback on FSH release is produced (Macklon & Fauser, 1999). As a result, 

FSH secretion is increased from mid 4th decade of life onwards (Al-Azzawi & Palacios, 

2009; Delamater & Santoro, 2018). The late perimenopausal stage is characterized by 

greater menstrual irregularity, with periods of amenorrhea lasting over 60 days and up to 

12 months. This is due to anovulation and defective follicular phases which contribute to 

the commonly observed frequent and sometimes heavy MCs in the years approaching 

menopause (Al-Azzawi & Palacios, 2009; Delamater & Santoro, 2018).  
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At menopause, a dramatic decline in plasma estradiol level occurs and the 

postmenopausal ovary will cease to contribute to estradiol levels in blood. Instead, 

peripheral conversion of androstenedione into estrone becomes prominent. Only 5% of 

thus formed estrone is converted to estradiol through the action of 17-ß hydroxysteroid 

dehydrogenase (Al-Azzawi & Palacios, 2009). Further, the amount of estrone generated 

and the associated conversion to estradiol continue to decline during the first year after 

menopause and stabilizes thereafter (Al-Azzawi & Palacios, 2009) (Figure 6). 

 

Figure 6. Hormone fluctuations during perimenopause and menopause. 

 

The ovarian ageing combined with the resulting hormonal imbalances manifest in 

varying symptoms that can present complex clinical management situations: hot flushes, 

night sweats, low libido, vaginal dryness, breast tenderness, headaches, fatigue, itchy 

skin, back pain and muscle tension, as well as psychological symptoms as depression, 
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irritability, anxiety and sleep disorders (Dennerstein et al., 2000; Prakash et al., 2017). In 

addition, menopause increases the incidence of cognitive impairment and coronary heart 

disease (Al-Azzawi & Palacios, 2009; Kovanen et al., 2018), as well as other metabolic 

disorders and chronic conditions as dyslipemia, diabetes, osteoporosis or sarcopenia 

(Kamel, 2003; Stachowiak et al., 2015; Wei et al., 2017). As many as 90% of women will 

present to health care providers for advice on how to cope with menopausal symptoms, 

demonstrating the importance of this issue worldwide (Delamater & Santoro, 2018).  

The effect of menopause on EIMD has been studied through the observation of 

the use of HRT, which has demonstrated to beneficiate strength (Greising et al., 2009) as 

well as to reduce muscle damage and inflammation markers after exercise (Dieli-

Conwright et al., 2009) in untrained women. However, these effects in regularly training 

women are less clear. In addition, despite the beneficial effects of HRT on prevention of 

chronic conditions and on relief of menopause symptoms, it seems not to be universally 

recommended for everyone (Gartlehner et al., 2017; Khadilkar, 2019; Rossouw et al., 

2002), and hence, further research is needed on well-trained postmenopausal females not 

users of HRT.  
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Main expected contribution of this thesis 
 

Scientific knowledge regarding female training responses and adaptations lags 

behind body of research on males (Costello et al., 2014), mainly due to the fact that 

including women in research could be seen as a barrier due to the complexity of 

controlling hormone fluctuations associated to the MC (Bruinvels et al., 2017). However, 

these hormonal changes should be considered when exercise response is evaluated in 

females on the basis of the increasing number of women engaging in sports and training 

programs (Mujika & Taipale, 2019). According to this, the influence of MC phases on 

EIMD and on inflammation-related pathways are not entirely clear due to several reasons, 

including the lack of accuracy in monitoring and verification of sex hormones, and the 

low number of intra-subject studies evaluating the entire sex hormonal environment in 

premenopausal females throughout their menstrual and OC cycles. In this line, it is yet to 

be determined which MC and OC cycle phases are more vulnerable to elicit muscle 

damage if any, and if sex hormone deprivation derived from menopause may also 

influence this response. Therefore, we hope to contribute to the knowledge of women’s 

different reproductive profiles over the lifespan and their influence on EIMD and 

inflammation.   
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HYPOTHESES AND OBJECTIVES 

 
 

Sex hormone fluctuations occurring throughout women lifetime could influence 

EIMD and inflammation. The contribution of this thesis is aimed to widen the knowledge 

about the sex hormonal environment and its influence on muscle damage according to the 

different reproductive profiles in healthy females (1) regularly menstruating women, (2) 

OC users and (3) postmenopausal women. Therefore, the research question of this study 

was whether MC phases, OC cycle phases and menopause affect EIMD and 

inflammation. Thereupon, the main hypotheses and objectives of this thesis will be 

presented. 

 

General hypotheses: 

 

(1) Exercise-induced muscle damage and inflammation are more attenuated in 

eumenorrheic women in the MC phases where sex hormones, and especially estrogen 

concentrations are higher.  

(2) Exercise-induced muscle damage and inflammation do not differ between OC cycle 

phases. 

(3) Exercise-induced muscle damage and inflammation are more pronounced in 

postmenopausal females than in premenopausal eumenorrheic females, due to sex 

hormone deprivation derived from menopause. 

 

General objectives:  
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(1) To study the influence of sex hormone fluctuations over the MC on EIMD and 

inflammation, and to determine whether any cycle phases are more vulnerable to EIMD 

in resistance trained eumenorrheic females. 

(2) To examine the effects of OC phases on EIMD and inflammation and, to determine 

whether these responses are different between the withdrawal phase and the active pill 

phase of an OC cycle in resistance trained females. 

(3) To evaluate the influence of menopause and its underlying sex hormone deprivation 

on EIMD and inflammation, and to compare these responses between postmenopausal 

and premenopausal eumenorrheic females in their different MC phases. 

 

This thesis has been structured in five studies whose aim was to cover the 

aforementioned hypotheses and objectives.  

 

Study I (Systematic Review and Meta-analysis) 

Hypothesis: 

Sex hormone fluctuations over the MC may affect EIMD and inflammation. 

Objectives:  

(1) To systematically review the body of literature evaluating EIMD in females 

considering the MC. 

(2) To perform a meta-analysis to quantify the effect of the MC on EIMD in 

eumenorrheic females. 

(3) To identify the MC phases that are more sensitive to EIMD. 
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Study II  

Hypothesis:  

Indirect markers of EIMD are lower when the estrogen concentration is higher, as it is 

observed in LFP. 

Objective:  

To determine whether sex hormone fluctuations throughout the MC influence indirect 

markers of muscle damage in well-trained females. 

 

Study III 

Hypothesis:  

Blood markers of muscle damage and inflammation present lower concentrations in MC 

phases where concentrations of sex steroid hormones are higher. 

Objective:  

To evaluate whether the MC and the underlying hormonal changes influence blood 

markers of muscle damage and inflammation, following an eccentric squat‐based 

workout in well-trained females. 

 

Study IV  

Hypothesis:  

Female hormonal environment over the OC cycle does not affect EIMD and 

inflammation.  

Objective:  
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To elucidate the influence of the active pill phase versus withdrawal phase on EIMD and 

inflammation markers in response to an eccentric squat-based exercise session commonly 

used as part of a regular resistance training session. 

 

Study V  

Hypothesis:  

Well-trained postmenopausal females present higher EIMD markers than premenopausal 

females following eccentric exercise due to sex hormone deprivation, especially in 

comparison to the MC phases where sex hormone concentrations are higher. 

Objective:  

To describe the EIMD process in resistance-trained postmenopausal women, and to 

compare this response with the same response over the different phases of the MC in 

eumenorrheic women.
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METHODS 

 

Systematic review and meta-analysis 

 
A systematic review and meta-analysis was performed based on the 

recommendations indicated by the PRISMA guidelines (Liberati et al., 2009). A 

comprehensive database search was systematically conducted (PubMed and Web of 

Science) including search terms related to muscle damage, MC, and exercise. Studies 

were included when (1) reporting information on muscle damage markers in at least one 

specific MC phase of EFP (days 2 to 7), LFP (days 9 to 13) or MLP (days 18 to 24) (Janse 

de Jonge, 2003), since these phases show the most pronounced changes in female sex 

hormonal environment; and (2) the articles with full text of original research published in 

peer-reviewed scientific journals in English.  

 

The initial search identified 3,736 articles from the databases and 13 articles from 

other sources. After removing duplicates, 2,278 manuscripts were subsequently excluded 

on the basis of their title and abstract. A total of 920 were therefore assessed as full texts, 

and 26 studies were included in qualitative synthesis, excluding 894 articles on the basis 

of the exclusion criteria fully explained below (Study I). From these, seven studies were 

excluded, as variables did not correspond to the final outcome variables analyzed 

(DOMS, CK, and strength loss), or the phases of measurement do not correspond to the 

afore looked at MC phases. A total of 19 studies were included in the quantitative 

synthesis (meta-analysis). 
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IronFEMME Study 

The IronFEMME Study is funded by the Ministerio de Economía, Industria y 

Competitividad, Convocatoria de Ayudas I+D 2016, Programa Estatal de Investigación 

Científica y Técnica y de Innovación 2013-2016 (Grant code DEP2016-75387-P).  

This observational cross-sectional study was performed by physically active and 

healthy women. Within the project, two studies were carried out at the same time: the 

study I, focused on the iron metabolism response to an endurance exercise protocol, and 

the study II, focused on EIMD and inflammation in response to resistance exercise. The 

present thesis is based on the study II. 

 

Participants 

One hundred and four physically active and healthy women were selected to 

participate in the IronFEMME Study, 57 of which were eumenorrheic, 31 OC users and 

16 postmenopausal women. Eumenorrheic women selected to participate in study I and 

II were different, whereas OC users and postmenopausal women were recruited to 

participate in both studies. The flow diagram of participants is presented in Figure 7.  The 

study II, was completed by a total of 19 eumenorrheic females (28.6±5.9 years, 163.4±6.1 

cm 59.9±5.6 kg body mass, 24.3±6.7 % fat mass, 71.5±6.5 % fat free mass, 4.3±0.4 % 

bone mineral content) 18 OC users (25.6±4.2 years, 162.4±5.0 cm, 58.1±5.7 kg body 

mass, 26.0±5.7 % fat mass, 69.8±5.6 % fat free mass, and 4.2±0.3 % bone mineral 

content) and 13 postmenopausal females (52±4 years 163.6±6.3, cm, 53.9±3.3  kg body 

mass, 24.7±4.2 % fat mass, 71.2±4.2 % fat free mass, 4.1±0.4 % bone mineral content).  
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Sample size estimation was performed by using GPower v.2 software (Bonn 

University, Bonn, Germany) on the basis of the most recent study in that moment 

evaluating EIMD in females (n=18) throughout the MC (Sipavičienė et al., 2013). CK 

was considered as the main outcome variable. The power analysis indicated a minimum 

sample size of 14 participants to obtain a statistical power of 0.80 setting the significance 

level at p<0.05. The sample size was 20% increased in order to assure the minimum study 

sample in case of participants abandonment. Data collection was conducted between 

September 2017 and February 2019. The IronFEMME Study was approved by the ethics 

committee board at Universidad Politécnica de Madrid and all participants signed a 

written inform consent. The procedures complied with the Declaration of Helsinki.
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Figure 7. Flow diagram of participants' enrollment. Grey shading for participants that completed the study II whose results 
are showed in the present thesis.
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Inclusion and exclusion criteria 

Subjects were recruited by means of diverse advertisements published in social 

media, regional sport competitions and federations from July 2017 to the end of the study. 

The applicants were filtered through an initial online questionnaire previously fulfilled 

with personal information, nutrition habits, health, MC and training in order to evaluate 

the following eligibility criteria: (a) to be between 20 – 40 years old (premenopausal) or 

under 60 and confirming their last menses occurred more than a year before 

(postmenopausal) (Delamater & Santoro, 2018), and (b) to report experience in resistance 

training (at least 1-hour session two times per week during a minimum of a year). 

Premenopausal eumenorrheic women were excluded if (a) they do not present regularly 

occurring MCs -ranging from 24 to 35 days in length (Lebrun et al., 1995)- and if (b) they 

report the use of hormonal contraceptives in the six months preceding the study. OC users 

were excluded (c) when using any hormonal contraceptive different from the 

contraceptive pill. Further exclusion criteria included: (d) any existing disease and/or 

metabolic or hormonal disorder, (e) any musculoskeletal injury in the last six months, (f) 

any surgery interventions (i.e. ovariectomy) or other medical conditions that would be 

exacerbated by an eccentric resistance exercise protocol, (g) the regular use of medication 

or dietary supplements that could affect the results, (h) pregnancies in the year preceding 

and (i) smoking.  

 

Menstrual cycle monitoring and phase determination 

The voluntary subjects who met the eligibility criteria were contacted to provide 

further information regarding their menstrual cycle. Eligible participants reported the 

length of their last six menstrual cycles before starting this study, to determine the average 
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cycle length (considering the onset of menses as the starting of the cycle). A gynecologist 

confirmed that the cycles were regular and calculated the range of volunteers’ different 

phases finally included in the study. From this retrospective analysis the next cycle phase 

was prospectively estimated. Subsequently, a code number was assigned to each 

participant depending on their hormonal condition (eumenorrheic, OC user or 

postmenopausal), and they were included in the data base. Participants were required to 

notice the first day of their following menstrual bleeding in order to start the intervention. 

 

Finally, to adequately arrange the trials in the LFP and MLP, ovulation was 

confirmed by using a urine-based ovulation test (Ellatest, Alicante, Spain) (Miller & 

Soules, 1996). Ovulation naturally occurs within the 14-26 hours after luteinizing 

hormones (LH) surge is detected (Janse de Jonge, 2003). According to manufacturer’s 

instructions, the second mid-stream urine sample in the morning was collected on a daily 

basis and always at the same time of the day, in the three to five days prior to the LFP 

testing day, which was scheduled according to the estimated ovulation date. The urine 

test was collected until the result was positive. In this regard, ovulation was confidently 

assured when the minimum conservative limit of 16 nmol/L (4.61 ng/mL) of post‐

ovulatory progesterone was accomplished (Janse de Jonge et al., 2019; Schaumberg et 

al., 2017). To correctly verify menstrual cycle phases blood samples were collected for 

the determination of 17-ß estradiol, progesterone, FSH and LH in each phase to confirm 

that the participants were performing the tests in the correct menstrual cycle phase.  
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Study design and intervention  

Once participants noticed menses, the screening session was arranged. It took place 

between the second and fifth day of their EFP for the eumenorrheic participants and 

between the third and the seventh day of the withdrawal phase for OC users, considering 

day 1 at the onset of menses (eumenorrheic) or the first day without pill consumption (OC 

users). The postmenopausal group attended to the screening session the first day available 

after a suitable rest. In a fasted state, blood samples were drawn in order to perform blood 

count, biochemistry and sex hormones analysis to discard any existing dysfunction or 

metabolic disorder. Subsequently, body composition assessment was performed via Dual-

Energy X-ray Absorptiometry (DXA) with a GE Lunar Prodigy apparatus using the GE 

Encore 2002 software (v6.10.029) (GE Healthcare, Madison, Wisconsin, USA). This 

screening session was completed with a strength assessment of the lower limbs through 

a one repetition maximum (1RM) test for the parallel back-squat exercise using a plate-

loaded barbell (Figure 8). The 1RM was calculated using an iPhone 6S (Apple Inc., 

Cupertino, CA, USA) running iOS 12.1.3 and the Powerlift v.9.1.7 iOS App (Balsalobre-

Fernández et al., 2017; Balsalobre-Fernández et al., 2018). The 1RM test consisted of 4 

sets of 1 rep with increasing loads from 75% to 90% of their estimated 1RM. Full range 

of motion for the lift was always recorded by the same researcher, with a recording 

frequency of 240 frames per second. Then, the beginning and the end of the lift was 

chosen, and the app provided the estimated 1RM load. According to the manufacturer, 

these procedures require manual selection by the researcher; thus, two independent 

observers analyzed the same videos. High interobserver agreement has been shown in a 

previous validation study (ICC>0.9) (Balsalobre-Fernández et al., 2017). 
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Participants subsequent visits corresponded to the eccentric exercise sessions 

(Figure 8), which were arranged according to their estimated EFP, LFP and MLP 

(respectively 3±1 days, 12±3 days, and 22±3 days of their MC), previously randomized 

and counterbalanced. Considering the EFP as number 1, LFP as number 2 and MLP as 

number 3, eumenorrheic participants completed the intervention following different 

combinations: 123 (n=3), 213 (n=3), 231 (n=5), 312 (n=3), and 321 (n=5).  OC users 

performed the eccentric exercise sessions, also randomly and in a counter balanced order 

in the withdrawal and active pill phases (4±1 and 12±3 days respectively, of a 28-day OC 

cycle). In this regard, 8 participants started the intervention in the withdrawal phase and 

10 in the active pill phase. Finally, postmenopausal females performed the eccentric 

exercise session on one occasion. During these eccentric exercise sessions a resistance-

based protocol was performed consisted of 10 sets of 10 reps of plate-loaded back squats 

at 60% of their previously calculated 1RM. Squats tempo (4-s eccentric movement, 1-s 

pause at the bottom, 1-s concentric movement and 1-s pause at the top of the lift) was 

controlled using a timer, with the researcher signaling the changes in the lifting phase and 

providing verbal encouragement. The protocol was focused on the eccentric phase of the 

lift in order to achieve greater muscle damage (Macdonald et al., 2014). Perceived 

exertion from every set was also obtained by administering a 10-point scale from 0 

(extremely easy) to 10 (extremely hard) (Robertson et al., 2003).  
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Figure 8. Eccentric exercise protocol 

 

Muscle soreness, hip and knee ROM, limb circumferences, CMJ were evaluated at 

baseline and 24 h and 48 h post-exercise, while CMJ was also assessed immediately post-

exercise (0h). Blood samples were obtained at baseline, 2 h, 24 h and 48 h post-exercise 

to analyze CK, myoglobin, lactate dehydrogenase (LDH), IL-6, TNF-a, c reactive protein 

(CRP), aspartate aminotransferase (AST), alanine aminotransferase (ALT). Methodology 

will be fully developed in every study in the results section of this thesis. 
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ABSTRACT 

A strenuous bout of exercise could trigger damage of muscle tissue, and it is not clear 

how sex hormone fluctuations occurring during the MC affect this response. The aims of 

this study were to systematically search and assess studies that have evaluated EIMD in 

eumenorrheic women over the MC and to perform a meta-analysis to quantify which MC 

phases display the muscle damage response. The guidelines of the Preferred Reported 

Items for Systematic Reviews and Meta-Analysis (PRISMA) were followed. A total of 

19 articles were analyzed in the quantitative synthesis. Included studies examined EIMD 

in at least one phase of the following MC phases: EFP, LFP or MLP. The meta-analyisis 

demonstrated differences between MC phases were observed for DOMS and strength loss 

(p<0.05), while no differences were observed between MC phases for creatine kinase. 

The maximum mean differences between pre and post-exercise for DOMS were EFP: 

6.57 (4.42, 8.71), LFP: 5.37 (2.10, 8.63), and MLP: 3.08 (2.22, 3.95), while the maximum 

mean differences for strength loss were EFP: -3.46 (-4.95, -1.98), LFP: -1.63 (-2.36, -

0.89), and MLP: -0.72 (-1.07, -0.36) (p<0.001 for both variables). In conclusion, this 

meta-analyisis suggests that hormone fluctuations throughout the MC affect EIMD in 

terms of DOMS and strength loss. Lower training load or longer recovery periods could 

be considered in the EFP, when sex hormone concentrations are lower and women may 

be more vulnerable to muscle damage, while strength conditioning loads could be 

enhanced in the MLP. 

Systematic review registration number PROSPERO 2019: CRD42018110290. 

 

Key words: sex hormones, muscle soreness, women, creatine kinase, eumenorrheic, 

eccentric exercise. 
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INTRODUCTION 

Scientific knowledge regarding female training responses and adaptations lags behind the 

body of research on males (Costello et al., 2014) despite findings reporting differences 

between the sexes (Abbasi et al., 2016; Hunter, 2016; Price & Sanders, 2017). For 

instance, women present less anti-inflammatory gene regulation (Abbasi et al., 2016), and 

less fatigability after isometric contractions in comparison to their male counterparts 

(Hunter, 2016). In addition, based upon body mass, women must work harder to perform 

less total work and they are less capable to complete an upper-body exercise protocol than 

men (Price & Sanders, 2017). Thus, it cannot be assumed that sex differences either do 

not exist or are irrelevant beyond the reproductive system (Beery & Zucker, 2011). In 

fact, the MC effects on training responses, adaptations, and performance remain unclear, 

as most studies including women have tested them in the “low-hormone” phase of the 

MC, when the hormonal profile is most similar to that of men (Mujika & Taipale, 2019). 

The effect of such hormonal changes on exercise responses should be investigated due to 

the increasing number of women engaging in sports and training programs (Mujika & 

Taipale, 2019). 

The MC is a sequence of circamensal rhythms domineered by the feedback loops within 

the hypothalamus-pituitary-ovarian axis (Davis & Hackney, 2017; Hawkins & Matzuk, 

2008; Reilly, 2000). The entire cycle takes approximately 28 days, with an inter-

individual range of regular MCs of 21 to 35 days in healthy adult females (Lebrun et al., 

1995), and it involves repetitive cycles of follicle development, ovulation, and preparation 

of the endometrium for possible implantation of an embryo (Hall, 2019). The signaling 

process begins in the hypothalamus with a pulsatile secretion (averaging once every 90 

minutes) of GnRH, which travels through the pituitary portal venous system to the 
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anterior pituitary gland (Hall, 2011). This hormone stimulates the synthesis and pulsatile 

release of LH and FSH. These two gonadotrophins stimulate the secretion of sex steroid 

hormones estradiol β-17 and progesterone in the ovaries (Hall, 2011), which are the main 

contributors to the reproductive function in females (Davis & Hackney, 2017). The 

endocrine communication between the aforementioned hormones and glands determine 

the two major phases of the MC, separated by mid-cycle ovulation: the follicular phase 

which is focused on maturing a reproductive cell (Davis & Hackney, 2017), and the luteal 

phase which is characterized by the formation of the corpus luteum and its regression 

(Davis & Hackney, 2017; Hall, 2019; Hall, 2011). In the absence of fecundation, the 

endometrium loses its supply and degenerates, sloughing off with menstrual bleeding 

(Hall, 2019), which is considered the beginning of the MC. In the EFP, FSH triggers rapid 

proliferation of cells and follicle growth (Hawkins & Matzuk, 2008). The follicle with 

the greatest number of granulosa cells, and hence the highest sensitivity to FSH will be 

the dominant follicle, which is the first to increase its ability to aromatize androgens 

(Davis & Hackney, 2017; Gougeon, 1986; Hall, 2019; Hawkins & Matzuk, 2008). With 

the development of aromatase activity, estrogen levels gradually rise half-way through 

the MFP, producing a high-estrogen microenvironment and, as a result, downregulation 

of FSH from the anterior pituitary (Davis & Hackney, 2017; Hall, 2019; Hawkins & 

Matzuk, 2008). Estradiol concentration keeps increasing during the LFP, reaching its 

maximum at around day 14 of the cycle (Janse de Jonge, 2003). The high level of estrogen 

triggers positive feedback in the anterior pituitary that stimulates the mid-cycle surge of 

LH (and a little spike in FSH as a side effect) (Hall, 2019; Hall, 2011; Hawkins & Matzuk, 

2008). This occurs approximately 14 to 26 hours prior to ovulation (Janse de Jonge, 

2003), and it is necessary for final follicular growth. Furthermore, LH surge causes 
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weakening of theca externa, contributing to follicle rupture, ovulation, and subsequent 

conversion of the remaining granulosa and theca cells into mainly progesterone-secreting 

cells. Hence, the follicle becomes the corpus luteum (Hawkins & Matzuk, 2008). This 

organ secrets increasing amounts of progesterone (Hall, 2011) while the overall 

concentration of estradiol β-17 decreases after LH surge (Davis & Hackney, 2017) to 

moderately rise again in the mid-luteal phase (MLP), when progesterone reaches its peak. 

Therefore, secretion of both hormones provide negative feedback effects on the anterior 

pituitary gland and the hypothalamus (Hall, 2011), but the drop of both hormones during 

the late luteal phase (Janse de Jonge, 2003) provides the necessary feedback to stimulate 

the hypothalamus and start a new cycle. 

The influence of the MC and its underlying changes in the hormonal environment should 

therefore be considered when exercise and performance are evaluated in females. 

Accordingly, some findings have demonstrated that the aforementioned hormones affect 

the cardiovascular system, ventilation, thermoregulation, injury mechanisms, and 

substrate metabolism in humans (Constantini et al., 2005). Heart rate, ventilation, and 

temperature increased during the luteal phase, indicating higher cardiorespiratory strain 

in this phase (Barba-Moreno et al., 2019). Further anabolic effects of estrogens have been 

observed in comparison to the catabolic effect of progesterone, or the major insulin 

sensitivity triggered by estrogens in comparison to the insulin resistance elicited by 

progesterone (Oosthuyse & Bosch, 2010). In addition, studies with female animal models 

have provided evidence that estrogen may influence muscle membrane stability and limit 

EIMD (Enns & Tiidus, 2010; Velders & Diel, 2013). EIMD is a process that takes place 

when muscle is exposed to strenuous and unaccustomed exercise (Kendall & Eston, 

2002). The high mechanical strain, especially produced by eccentric actions, elicits 
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myofibrillar disruption resulting in membrane damage, which is exacerbated by free 

radicals present in metabolically active tissues (Kendall & Eston, 2002; Peake et al., 2017; 

Proske & Morgan, 2001). As a consequence, uncontrolled calcium release into 

myofibrillar cytosol enhances not only a coupling dysfunction in the cross-bridge cycle, 

but also the action of some proteolytic enzymes that could promote muscle protein 

degradation (Kendall & Eston, 2002; Proske & Morgan, 2001). Some of the consequences 

derived from this process are the loss of muscle strength, DOMS, decrease in the ROM, 

increase in limb girth, increase in systemic leakage of muscle enzymes and proteins (e.g., 

CK, myoglobin) or a combination of these (Douglas et al., 2017; Kendall & Eston, 2002; 

Peake et al., 2017).   

Estrogens have been proposed to act as antioxidants against lipid peroxidation of the cell 

membrane (Rankin et al., 2018) due to the similarities in their structure with tocopherol, 

which is known as an antioxidant. Thus, they may facilitate the donation of hydrogen 

atoms, leading to limitation of peroxidation chain reactions and therefore contributing to 

membrane stability (Rankin et al., 2018). Accordingly, estrogen replacement therapy has 

demonstrated a beneficial effect on limiting muscle disruption and inflammation after 

damaging exercise in postmenopausal women (Dieli-Conwright et al., 2009). However, 

the role of endogenous estrogen in this process in female human models has not been 

clearly elucidated. This inconclusiveness in the literature may be explained by the lack of 

intra-subject study designs, reporting results for women and men together (Cadore et al., 

2019; Ely et al., 2017) or measurements performed in only one phase of the MC, not 

covering the complete hormonal environment of participants. Even data from 

eumenorrheic and oral contraceptive users have been reported together (Wikström-Frisén 

et al., 2017), although the hormonal environment is quite different between these groups. 
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Finally, inconsistencies could also be due to conflicting definitions of “reproductive 

status,” inaccurate consideration and verification of MC phases (Heavens et al., 2014; 

Janse de Jonge et al., 2019; Markofski & Braun, 2014; Moreira et al., 2013), different 

modalities of exercise performed, or the recruitment of non-homogenous groups of 

subjects with different training status (Constantini et al., 2005; Elliott et al., 2003). 

Therefore, in order to clarify the influence of sex hormone environment on EIMD, the 

objectives of this study were (1) to systematically review the existing literature evaluating 

EIMD in females considering the MC, (2) to perform a meta-analysis to quantify the 

effect of the MC phases on muscle damage response, and (3) to identify the MC phases 

that are more sensitive to muscle damage (Janse de Jonge, 2003).  

 

METHODS 

Data sources and searches 

The methodological process was based on the recommendations indicated by the 

PRISMA guidelines (Liberati et al., 2009). The eligibility criteria were established by the 

authors. The systematic review registration number PROSPERO 2019 is 

CRD42018110290. 

A comprehensive database search was systematically conducted (PubMed and Web of 

Science) up to February 12, 2020 and performed independently by two authors (NRP and 

PJB) obtaining the same results. The search strategy included variations on terms related 

to muscle damage, MC, and exercise. The complete search term combinations are 

included as a supplementary file to this article. 
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Inclusion and exclusion criteria 

The specific inclusion criteria were (1) studies reporting information on muscle damage 

markers in at least one specific MC phase (EFP, LFP, or MLP, as these show the most 

pronounced changes in hormonal environment) on EIMD and (2) articles with full text of 

original research published in peer-reviewed scientific journals in English. Any exercise 

modality aimed to elicit muscle damage was included, but it was classified into low or 

high damaging exercise, according to the greater amount of EIMD produced (Peake et 

al., 2017), fully explained below. Research studies were excluded if they were (1) 

consisting of women as participants without reporting MC phase; (2) studies with only 

men as participants or reporting male and female outcomes as the same group; (3) based 

on populations with severe or chronic diseases that may require medical treatment; (4) 

studies with premenarchial, menopausal women or oral contraceptive users; (5) studies 

with animals; (6) published reviews, conference communications, opinion articles, 

commentaries, book chapters, case studies, or presentations; (7) interventional or 

longitudinal studies except those reporting an acute response; or (8) based on muscle 

fatigue measurement without muscle damage markers. 

 

Study selection  

The initial search, which analyzed the influence of MC on muscle damage, identified 

3,736 articles from the databases and 13 articles from other sources. After removing 

duplicates, 3,198 manuscripts were screened for eligibility on the basis of their title and 

abstract, with 2,278 subsequently excluded. The list of retrieved articles was screened 

independently by two authors (NRP and PJB) in order to choose potentially relevant 

papers. A total of 920 were assessed as full texts, and 26 studies were included in 
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qualitative synthesis, excluding 894 articles on the basis of the aforementioned exclusion 

criteria. Disparities found were discussed by the authors in order to reach a consensus. 

From these, seven studies were excluded, as variables did not correspond to the final 

outcome variables analyzed (DOMS, CK, and strength loss), which are fully explained 

below, or the phases of measurement do not correspond to the EFP (days 2 to 7), LFP 

(days 9 to 13) or MLP (days 18 to 24) of the MC (Janse de Jonge, 2003). In this regard, 

two criteria were used to classify the MC phases of measurement: (1) the indication in 

the manuscript of the phases/days of measurement and/or (2) the inclusion of blood 

hormone concentrations. When blood hormone concentrations provided in a study 

disagreed with those expected for the days of measurement indicated (Stricker et al., 

2006), this measurement was relocated in the adequate phase in order to ensure that the 

studies meet the criteria of low estrogen and progesterone (EFP), high estrogen (LFP), 

and high estrogen and progesterone (MLP).  A total of 19 studies were included in the 

quantitative synthesis (meta-analysis). The flow diagram of the search process is shown 

in Figure 9.  
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Figure 9. Flowchart demonstrating the step-by-step process of manuscripts elimination to find 
the final studies to be included in the meta-analysis. 

 

Risk of bias assessment 

The methodological quality of the selected studies was assessed with the Quality 

Assessment Tool for Observational Cohort and Cross-Sectional Studies (National) that 

analyses the following factors: (1) study question clearly stated; (2) study population well 

defined; (3) all eligible participants enrolled; (4) eligibility criteria clearly specified; (5) 

sample size estimation provided; (6) exposure(s) of interest measured prior to the 
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outcome measurement; (7) sufficient timeframe to see an association between exposure 

and outcome; (8) different level of exposure examined; (9) exposure measures clearly 

described, valid, and reliable; (10) exposure assessed more than once over time; (11) 

outcome measures clearly described, valid, and reliable; (12) blinding of outcome 

assessors; (13) follow-up rate; and (14) confounding variables measured and adjusted. 

 

Data extraction and outcomes 

From the included studies, RC, BR, and VMAM extracted to a previously designed data 

sheet the following information: authors, study design, number of participants, age, 

height, body mass, training status and training experience, MC phases and the 

corresponding days of measurements when protocols were performed, hormone 

concentrations in each phase when provided, method to determine and verify phases, 

modality of exercise (e.g., endurance, resistance…), and load (e.g., sets and repetitions or 

duration, rest between sets, and intensity). The outcome variables for muscle damage 

were DOMS; blood biomarkers such as CK, myoglobin, IL-6, and LDH; strength loss; 

ROM; circumferences; and CMJ. DOMS is defined as the sensation of muscle discomfort 

during muscle contractions 24-48 h after intense exercise (Brentano & Martins Kruel, 

2011). It was obtained from questionnaires providing soreness perception in terms of a 

numerical scale, usually from 0 (no pain at all) to 10 or 100 (unbearable pain) (Brentano 

& Martins Kruel, 2011). Some of the included studies used 10-point scales, while others 

used a 100-mm visual analogue scale (VAS) (Bijur et al., 2001); hence, all the studies 

evaluating DOMS were unified to the same scale (10-point) in order to facilitate 

calculations and statistics. Regarding these variables, the information extracted was the 

timing of measurement (baseline, 0 h, 24 h, 48 h, and 96 h post-exercise; minimum one 
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post-exercise time-point), the units of measurement, and the technique performed. Some 

authors were contacted in order to complete missing data regarding the main outcomes. 

NRP and PJB reviewed this data sheet.  

 

Statistical Analysis 

The meta-analysis and the statistical analysis were conducted using the Review Manager 

software (RevMan 5.2; Cochrane Collaboration, Oxford, UK). The effects of exercise on 

muscle damage outcomes in each phase of the MC were expressed as the standardized 

mean differences (SMD) between baseline and post-exercise measurements, and their 

confidence intervals (CI), which were analyzed using a random-effects model (Higgins, 

2003). Each mean difference was weighted according to the inverse variance method 

(Deeks et al., 2020). Heterogeneity between studies was evaluated through I2 statistics 

and the inter-study variance using the tau-square (Tau2). A Tau2 >1 indicated substantial 

statistical heterogeneity. The chi-square was defined as the indicator of heterogeneity 

presence. A scale of magnitude was implemented for the interpretation of heterogeneity 

of the results, where <25% was assessed as low magnitude, between ³25% and £75% 

was set as medium magnitude and >75% was considered high magnitude (Higgins, 

2003).The publication bias was statistically evaluated through an asymmetry test as 

estimated from a funnel plot.  In addition, Egger’s test was also used to assess publication 

bias. A p-value of less than 0.05 was considered to be statistically significant. 

Supplementary analyses were conducted to determine the effects of exercise modality on 

the heterogeneity of muscle damage outcomes (confounding variables) attending to the 

severity of muscle damage. In each study, the SMD (CI 95%) of the EIMD severity was 

calculated as the difference between baseline and post-exercise measurements for DOMS, 
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CK, and strength loss. Likewise, the estimation of effects was calculated with according 

to the inverse variance method (Deeks et al., 2020). Three authors independently scored 

the exercise protocols according to the amount of EIMD produced following criteria 

previously described (Peake et al., 2017). Each protocol was assessed considering (1) the 

predominant component during contractions, rating as ‘1’ eccentric and isometric 

contractions at long muscle lengths, and ‘0’ concentric or isometric contractions at short 

muscle lengths; (2) the exercise performance at long vs. short muscle lengths, rated as ‘1’ 

or ‘0’, respectively; (3) the exercise performance of single joint vs. multiple joints 

exercises rated as ‘1’ or ‘0’, respectively; (4) the exercise using arms vs. legs, rated as ‘1’ 

or ‘0’, respectively; and (5) the use of knee flexors vs. knee extensors rated as ‘1’ vs. ‘0’, 

respectively. Peake et al. (2017) also considered other two criteria to describe the amount 

of EIMD produced by an exercise: high or low number of eccentric contractions and high 

or low eccentric torque. However, these two criteria were not applicable to all the studies 

included in the meta-analysis and thus, they were not included and measured to obtain 

our classification. The exercise protocols were classified into three categories: light, 

moderate, or severe muscle damage (Table 1). The results from this classification are 

provided in the supplementary file.  

 

RESULTS 

Participants and study characteristics are summarized in Table 1. Out of the 19 included 

studies, 12 tested during one phase of the MC only. Four of these conducted testing in the 

EFP (Joyce et al., 2014; Minahan et al., 2015; Savage & Clarkson, 2002; Wolf et al., 

2012), four during the LFP (Hicks et al., 2016; Hicks, Onambélé-Pearson, et al., 2017; 

Jang et al., 2018; Pal et al., 2018) and four during the MLP (Brown et al., 2016; Keane et 
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al., 2015; Nikolaidis et al., 2008; Thompson et al., 1997). The remaining seven studies 

compared between MC phases. Two of these compared between EFP and LFP (Mackay 

et al., 2019; Sipavičienė et al., 2013), two between EFP and MLP (Anderson et al., 2017; 

Chaffin et al., 2011), two between MFP and MLP (Hackney et al., 2019; Williams et al., 

2015), and one compared between EFP, LFP and MLP (Oosthuyse & Bosch, 2017). 

However, the results of the two studies testing during the MFP were allocated to the EFP 

according to sex hormone concentrations. In addition, in these two studies the MFP was 

clearly stated as the one with low hormone concentrations (Hackney et al., 2019; 

Williams et al., 2015). 

Studies were classified according to the variable analyzed — 1) DOMS, 2) CK, and 3) 

strength —which were separated into three subgroups corresponding to the 

aforementioned phases of the MC: EFP, LFP, and MLP
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Table 1. Description of studies included in the meta-analysis 

Study 
Cycle 

phase / 
days 

Hormone 
Concentrations 

E2 (pg/ml) 
P4 (ng/ml) 

N Age 
(y) 

Weigh
t (kg) 

Heigh
t (cm) 

Training 
Status 

Training 
experience  EIMD Protocol Description EIMD 

severity 

1. Anderson et 
al., 2017 

EFP 
2±1  

 E2 115.0±82.9 
 9 25 57.2 162 

Able to 
achieve an 
electrically 

induced force 
output of 
≥15% of a 

MVIC 

Not involved in 
consistent, 
structured 

resistance or 
aerobic training 
6 months prior 

the study 

100 left knee extensions with 
neuromuscular electrical stimulation 
(NMES) (80 pps frequency, 300 μs 
pulse duration, 5:10 s on:off time, 

and 1.5 s ramp-up) at ≥25% MVIC. 

Moderate 
MLP 
22±3 E2 140.2±85.7  8 24 61.8 163 

2. Brown et al., 
2016 MLP NR 

12 20 57.4 162 
Recreational 

dancers  

 14±3 years; 
324±188 

mins/week 

10x1 min movement phrase of 
contemporary dance. Each phrase 

movements includes: jumps, rolls to 
the floor, and weight transferences. 
Each phrase was separated by 2 min 

rest. 

Light 

12 19 60.0 166 15x30 m sprints with a rapid 10 m 
deceleration phase, every 65 s. 

Moderate 

3.Chaffin et al., 
2011 

EFP 
1-3  

E2 68.4±28.7  

9 27 57.2 166 
Competitive, 

physically 
active  

<40.2 Km/week 
running  

 Two rounds of: 3x(2 min running at 
100% vVO2peak with 2 min jogging 

or walking at 50% VO2peak) with 3 
min walk between rounds; 5 min 

recovery at a self-selected pace; 5x (1 
min running at 110% vVO2peak + 3 

min walk). 

 

 P4 8.7±3.4 Light 

MLP 
20-22 

 E2 85.8±14.8  

P4 13.7±2.5  

4. Hackney et al., 
2019 

MFP 
8±2 

 
E2 23.8±6.6 

8 25 58.9 168 
Competitive, 

physically 
active 

4-5 days/week 
for 45-120 min 

90 min running on a treadmill at 70% 
VO2max. Running speed was 13.0±0.5 

km/h 

Light 

P4 1.1±0.4 
 

MLP 
23±3 

E2 134.3±38.8 
 

 

P4 6.7±3.9 
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5.Hicks et al., 
2016 

LFP 
Day 14 NR 11 21 63.0 165 Recreationally 

active  
<1 h/week 

physical activity 

6 sets of 12 reps of eccentric knee 
extensions at MVEC, 2 min recovery 
between sets. Knee ROM was set at 

20°–90° (0° = full extension). 
Eccentric phase at an isokinetic 
angular velocity of 30°/s. The 

concentric phase was performed at an 
angular velocity of 60°/s. 

Moderate 

6.Hicks et al., 
2017 

LFP 
Day 14 E2 433±147 9 21 63.2 165 Recreationally 

active  
<1 h/week 

physical activity 

6 sets of 12 reps of eccentric knee 
extensions at MVEC, 2 min recovery 
between sets. Knee ROM was set at 

20°–90° (0° = full extension). 
Eccentric phase at an isokinetic 
angular velocity of 30°/s. The 

concentric phase was performed at an 
angular velocity of 60°/s. 

Moderate 

7.Jang et al., 
2018 LFP NR 6 21 55.9 162 Recreationally 

active  
<1 h/week 

physical activity 

A single bout of 30 min of bench-
stepping at 60 steps per min at a step 

height of 110% of the lower leg 
length. 

Light 

8.Joyce et al., 
2014 

EFP 
2-6 NR 9 22 63.4 170 Physically 

active 
1–3 days/week 

for 30 min 

240 MVEC of knee flexors: 4 sets of 
6x10 with each leg at an isokinetic 
angular velocity of 30°/s (24 total 

sets per leg). 1 min rest between sets.  

Severe 

9.Keane et al., 
2015 MLP NR 11 22 62.7 167 

Premier or 
national league 

players 

Rugby, soccer, 
netball 

15x30 m maximal sprints departing 
every 65 s. 

Moderate 

10. Mackay et 
al., 2019 

EFP 
1-2 

E2 3.0±1.1  
P4 0.01±0.04 

(salivary) 
10 29 67.4 163  

Not involved in 
consistent, 
structured 

resistance or 
aerobic training 
6 months prior 

the study 

30 min of eccentric cycling on a 
recumbent ergometer with a motor 
moving the cranks backwards at a 

cadence of 60 rpm, maintaining 90% 
POmax 

Moderate 

LFP 
14±2 

E2 3.8±1.9  
P4 0.04±0.05  

(salivary) 

 

11.Minahan et 
al., 2015 

EFP 
2-6 36.0±11.4 8 22 62.3 169 Habitually 

active 

Moderate-
intensity 

endurance 
activities 
(walking, 

240 MVEC of knee flexors: 4 sets of 
6x10 with each leg at an isokinetic 
angular velocity of 30°/s (24 total 
sets per leg).. 1 min rest between 

sets. 

Severe 
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jogging, 
swimming) for 

30 min; 2-3 
days/week 

12.Nikolaidis et 
al., 2008 

MLP 
2–6 after 
ovulation   

NR 12 23 54.0 165 Healthy  

<3h/week of 
low-intensity 

leisure activities 
(jogging, 

swimming, 
dancing) and no 

experience in 
eccentric 
exercise 6 

months prior 

5 sets of 15 MVEC of knee flexors at 
an angular velocity of 60º/s in the 
prone position. 2 min rest between 

sets. 

Severe 

13.Oosthuyse et 
al., 2017 

EFP 
4±1 

E2 45.2±24.2  
P4 0.7 ± 0.3 5 21 55.6 158 

Sedentary 

<2 h/week  
movements 

associated with 
everyday life 

20 min running on treadmill at 9 
km/h at a -10% gradient. Speed was 

maintained constant for all 
participants. 

Moderate 

LFP 
14±3 

E2 269.9±110.8 
P4 1.3±0.5 5 23 57.6 162 

MLP 
20±2 

E2 136.2±67.2  
P4 8.1± 2.6 5 21 60.8 162 

14.Pal et al., 
2018 

LFP 
10-13 NR 22 16 44.8 154 Sedentary 

Not take part in 
any physical 
conditioning 

program 

Running at 80% of HRmax until 
onset of fatigue as indicated by 

volitional exhaustion 

Moderate 

15.Savage et al., 
2002 

EFP 
Day 3 E2 31.5± 11.2  14 21 63.4 165 Sedentary 

Not take part in 
any physical 
conditioning 

program 

2x25 eccentric contractions (3 
seconds each) on the non-dominant 

arm with 12 s rest between 
contractions and 5 min rest between 

sets. Subjects were seated at a 
preacher curl modified by the 

addition of an attachment bar as a 
lever arm to force the extension of 

the subject’s arm while they 
attempted to resist it from being 

lowered.   

Severe 

16.Sipaviciene et 
al, 2013 

EFP 
1-2 E2 32.4±16.8  18 20 56.2 167 Physically 

active   
100 maximum drop jumps from a 
height of 0.75m platform with an 

immediate maximum rebound on a 

Moderate 
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LFP 
1-2 of 

ovulatory 
phase 

E2 62.5±22.3  

Kistler force plate. Jumps were 
performed with a countermovement 

to a 90∘ angle in the knee at an 
interval of 20 s. 

17.Thompson et 
al., 1997 

MLP 
6-8 after 
ovulation 

E2 116.0±18.42 6 25 63.8 176 Recreationally 
active  

 2,7±0.8 h/week 
of 

cardiovascular 
activity  

50 min bench-stepping exercise at a 
cadence of 70 beats/min and a height 
equal to 110% of each individual’s 
leg length, within10% of their age-

predicted max HR. 

Light 

18.Williams et 
al., 2015 

MFP 
7± 2 E2 39.8±18.3 

10 21 61.3 164 Highly trained  

3-5d/week, 45-
120mins/session 

of aerobic 
activity  

60 min of treadmill running at 65% 
of VO2peak  

Light 

MLP 
23± 3 E2 148.1±35.2  

19.Wolf et al., 
2012 

EFP 
1 to 7 NR 7 22 65.6 169 Resistance-

trained 

4,7±4,4 years or 
resistance 

training, at least 
6 months 

 6 sets of 5 squats at 90% of their 1 
RM with 3 min rest between sets. 

Moderate 

EFP: early follicular phase; LFP: late follicular phase; MFP: mid-follicular phase; MLP: mid-luteal phase; E2: estradiol; P4: progesterone; NR: not 
reported;  NMES: neuromuscular electrical stimulation; MVIC: maximal voluntary isometric contraction; MVEC: maximal voluntary eccentric 

contraction; ROM: range of movement; RM: repetition maximum. VO2max: Maximal oxygen uptake; VO2peak: peak oxygen uptake; POmax: maximal 
concentric power output 
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Data regarding other muscle damage and inflammation markers such as lactate 

dehydrogenase, myoglobin, limb circumference, ROM, CMJ, and interleukin-6 were not 

finally included in the quantitative analysis, as the number of studies evaluating these 

variables’ response throughout the MC was small, especially when different cycle phases 

were analyzed separately; thus, the subgroup analysis was not possible. 

 

Risk of bias assessment and Heterogeneity. 

On the basis of the aforementioned quality assessment tool for the risk of bias, where 

each item was rated up to 10 points, the average sum of quality criteria was 9.46, so 

quality assessment was classified as “good” as the studies met the criteria with a high 

percentage. The lowest percentages were observed in items regarding the existence of 

confounding variables, blinded assessors to the exposures or different exposure levels. In 

addition, the funnel plots suggested the presence of significant publication bias (Figure 

7), while the results of Egger's test results showed a significant heterogeneity among 

studies when comparing differences between pre-exercise and peak values for DOMS 

(Z=9.98, p<0.001, Figure 10A) CK (Z=4.56, p<0.001, Figure 10B), and strength (Z=2.02, 

p=0.044, Figure 10C).  
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Figure 10. Funnel plots for the meta-analysis of published studies for DOMS (10A) CK (10B) and strength loss (10C). Each dot represents the standard error (SE) and 
standardized mean difference (SMD) between pre- and post-exercise maximum value of each study. Vertical dashed line represents mean SMD. Dots distribution shows 
a deviation from a pyramid shape suggesting higher publication bias and hence, the need to investigate possible causes.   

10A 10B 10C 



Romero Parra, N.  
 
 

 64 

Effects of the MC phase on DOMS 

Our results indicated differences between phases from 24 h to 72 h post-exercise (Table 

2). The lowest mean value in DOMS was observed at the MLP for all post-exercise time-

points, while the highest was observed at the EFP. A significant increase in DOMS during 

all post-exercise time-points in comparison to baseline was observed in all phases. 

The analysis considering the severity of exercise protocols revealed differences since 24 

h until 96 h post-exercise: 0 h (χ²=0.79; df=2; p=0.68; I2=0%), 24 h (χ²=9.71; df=2; 

p=0.008; I2=79.4%), 48 h (χ²=9.81; df=2; p=0.007; I2=79.6%), 72 h (χ²=7.56; df=2; 

p=0.02; I2=73.6%) , 96 h (χ²=6.98; df=2; p=0.03; I2=71.4%) and maximum value (χ²= 

11.6; df=2; p=0.04; I2=82.1%). On the basis of this, protocols eliciting light muscle 

damage were eliminated, as they may confound the results. However, the analysis of 

EIMD severity was repeated, and the differences between phases remained. These 

differences after adjusting for exercise severity are shown in Table 2.  

 

Effects of the MC phase on CK 

The meta-analysis demonstrated no significant differences between MC phases for CK in 

response to exercise (Table 2). Significant increases of CK in comparison to baseline 

were observed in all phases at 24 h and 48 h post-exercise, in the MLP 72 h post-exercise, 

and in the LFP and MLP at 96 h post-exercise. 

Regarding the supplementary analysis, when the severity of EIMD was considered, no 

differences were observed in CK between baseline and 0 h (χ²=2.67; df=2; p=0.26; I2= 

25.2%), 24 h (χ²=0.21; df=2; p=0.09; I2=0%), 48 h (χ²=2.67; df=2; p=0.26; I2=25%),72 h 

(χ²=1.48; df=2; p=0.48; I2=0%), and 96 h (χ²=1.69; df=2; p=0.43; I2=0%) post-exercise 

and in comparison to the maximum value (χ²=2.10; df=2; p=0.35; I2=4.6%).  
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Effects of the MC phase on strength loss 

Regarding strength loss, significant differences between phases were observed until 72 h 

post-exercise (Table 2). The lowest mean value in strength loss was observed at the MLP 

for all post-exercise time-points, while the highest was observed at the EFP. Significant 

strength loss in comparison to baseline was observed for almost all post-exercise 

measurements, except in the LFP at 24 h, 72 h and 96 h post-exercise (Table 2).  

The supplementary analysis for strength loss considering the muscle damage elicited by 

the different exercise protocols revealed differences at 48 h, 72 h, 96h and at the 

maximum value: 0 h (χ²=2.79; df=2; p=0.25; I2=28.4%), 24 h (χ²=3.28; df=2; p= 0.19; I2= 

39%), 48 h (χ²=5.88; df=2; p=0.05; I2=66%), 72 h (χ²=5.50; df=2; p=0.06; I2=63.6%) , 96 

h (χ²=12.58; df=2; p=0.002; I2=84.1%) and maximum value (χ²=5.86; df=2; p=0.05; I2= 

65.9%). As well as with DOMS, the EIMD severity analysis was repeated without the 

protocols eliciting light muscle damage, and the differences between phases remained, 

except at 96 h post-exercise (Table 2). 
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Table 2. Effect of MC phases on muscle damage (DOMS, CK, strength) at different post-exercise time-points 

Phases Studies 
(n) 

Participants 
(n) SMD [95% CI] Test for overall effect  

Z (p) I2% (p) Differences between 
phases 

Differences between 
phases for moderate 
and severe EIMD 

protocols only 
DOMS 
0 h        

EFP 4 42 2.46 [1.21, 3.71] Z=3.85 (p<0.001) 75% (0.007) 
(χ²=4.11; p=0.13) (χ²=2.39; p=0.30) LFP 1 5 1.89 [0.26, 3.53] Z=2.24 (p=0.02) N/A 

MLP 11 114 1.18 [0.79, 1.58] Z=5.90 (p<0.001) 42% (0.07) 
24 h        

EFP 5 61 7.25 [3.21, 11.28] Z=3.52 (p<0.001) 94% (<0.001) 
(χ²=7.62; p=0.02) (χ²=8.34; p=0.02) LFP 3 33 4.45 [0.44, 8.45] Z=2.18 (p=0.03) 94% (<0.001) 

MLP 8 93 2.01 [1.44, 2.58] Z=6.87 (p<0.001) 57% (0.02) 
48 h        

EFP 8 86 7.79 [4.80, 10.78] Z=5.11 (p<0.001) 92% (<0.001) 
(χ²=12.60; p=0.002) (χ²=11.36; p=0.003) LFP 5 53 6.94 [3.07, 10.80] Z=3.51 (p<0.001) 94% (<0.001) 

MLP 12 123 2.87 [1.92, 3.83] Z=5.89 (p<0.001) 84% (<0.001) 
72 h        

EFP 5 61 5.79 [2.43, 9.15] Z=3.38 (p<0.001) 94% (<0.001) 
(χ²=7.38; p=0.02) (χ²=7.20; p=0.03) LFP 3 33 4.60 [0.10, 9.09] Z=2.01 (p=0.04) 95% (<0.001) 

MLP 10 105 1.61 [1.09, 2.13] Z=6.09 (p<0.001) 58% (0.01) 
96 h        

EFP 5 72 2.87 [1.23, 4.51] Z=3.43 (p=0.001) 88% (<0.001) 
(χ² =5.29; p=0.07) (χ² =4.36; p=0.11) LFP 3 48 1.68 [0.38, 2.98] Z=2.54 (p=0.01) 77% (0.01) 

MLP 8 89 1.03 [0.69, 1.37] Z=5.95 (p<0.001) 0% (0.91) 
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Maximum        

EFP 9 95 6.57 [4.42, 8.71] Z=5.99 (p<0.001) 89% (<0.001) 
(χ² =9.79; p=0.007) (χ² =9.27; p=0.011) LFP 5 53 5.37 [2.10, 8.63] Z=3.22 (p=0.001) 93% (<0.001) 

MLP 13 132 3.08 [2.22, 3.95] Z=6.98 (p<0.001) 80% (<0.001) 

CK        
0 h        
EFP 3 21 1.89 [-0.24, 4.02] Z=1.74 (p=0.08) 85% (0.001) 

(χ²=2.67; p=0.26) N/A LFP 3 38 0.18 [-0.28, 0.63] Z=0.76 (p=0.45) 0% (0.81) 
MLP 6 71 0.41 [0.03, 0.78] Z=2.14 (p=0.03) 16% (0.31) 
24 h        
EFP 6 52 1.34 [0.58, 2.09] Z=3.48 (p<0.001) 62% (0.02) 

(χ²=0.21; p=0.90) N/A LFP 3 37 1.36 [0.57, 2.14] Z=3.39 (p<0.001) 50% (0.14) 
MLP 8 82 1.55 [0.87, 2.24] Z=4.44 (p<0.001) 70% (0.002) 
48 h        
EFP 5 46 1.69 [0.91, 2.47] Z=4.25 (p<0.001) 56% (0.06) 

(χ²=2.67; p=0.26) N/A LFP 5 57 1.02 [0.19, 1.86] Z=2.40 (p=0.02) 74% (0.004) 
MLP 7 70 0.97 [0.62, 1.33] Z=5.33 (p<0.001) 0% (0.65) 
72 h        
EFP 4 37 1.47 [-0.18, 3.12] Z=1.75 (p=0.08) 88% (<0.001) 

(χ²=1.48; p=0.48) N/A LFP 2 15 0.44 [-0.78, 1.65] Z=0.70 (p=0.48) 59% (0.12) 
MLP 8 78 1.23 [0.55, 1.91] Z=3.53 (p<0.001) 69% (<0.001) 
96 h        
EFP 2 24 2.52 [-1.48, 6.51] Z=1.23 (p=0.22) 95% (<0.001) 

(χ²=1.69; p=0.43) N/A 
LFP 3 30 0.85 [0.31, 1.38] Z=3.10 (p=0.002) 0% (0.57) 
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MLP 3 30 1.28 [0.71, 1.85] Z=4.42 (p<0.001) 0% (0.96) 
Maximum        
EFP 8 66 1.66 [0.75, 2.58] Z=3.56 (p<0.001) 78% (<0.001) 

(χ²=2.10; p=0.35) N/A LFP 4 52 2.98 [1.43, 4.52] Z=3.78 (p<0.001) 84% (<0.001) 
MLP 9 88 2.12 [1.46, 2.78] Z=6.25 (p<0.001) 64% (0.005) 

STRENGHT LOSS 
0 h        

EFP 1 10 -3.46 [-4.95, -1.98] Z=4.57 (p<0.001) N/A 
(χ²=12.70; p=0.002) (χ²=10.25; p=0.006) LFP 3 27 -1.87 [-2.55, -1.20] Z=5.46 (p<0.001) 0% (0.38) 

MLP 5 64 -0.89 [-0.34, -1.43] Z=3.18 (p=0.001) 53% (0.08) 
24 h        

EFP 1 10 -2.68 [-3.96, -1.41] Z=4.12 (p<0.001) N/A 
(χ²=8.52; p=0.01) (χ²=11.78; p=0.003) LFP 2 16 -1.64 [-3.70, 0.42] Z=1.56 (p=0.12) 82% (0.02) 

MLP 5 64 -0.71 [-0.25, -1.18] Z=3.00 (p=0.003) 38% (0.17) 
48 h        

EFP 1 10 -2.76 [-4.05, -1.46] Z=4.17 (p<0.001) N/A 
(χ² = 13.92; p<0.001) (χ²=11.9; p=0.003) LFP 4 36 -1.36 [-2.27, -0.46] Z=2.96 (p=0.003) 64% (0.04) 

MLP 9 88 -0.47 [-0.17, -0.77] Z=3.04 (p=0.002) 0% (0.74) 
72 h        

EFP 1 10 -1.54 [-2.57, -0.52] Z=2.95 (p=0.003) N/A 
(χ²=6.19; p=0.05) (χ²=7.45; p=0.02) LFP 2 16 -0.86 [-2.52, 0.80] Z=1.02 (p=0.31) 78% (0.03) 

MLP 9 97 -0.21 [-0.55, 0.13] Z=1.20 (p=0.23) 19% (0.15) 
96 h        

EFP 1 10 -0.93 [-1.87, 0.00] Z=1.96 (p=0.05) N/A 
(χ² =0.59; p=0.75) (χ²=0.41; p=0.81) LFP 4 36 -0.87 [-1.80, 0.06] Z=1.84 (p=0.07) 69% (0.02) 

MLP 6 48 -0.10 [-0.76, 0.57] Z=0.28 (p=0.78) 59% (0.03) 
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SMD: standard mean difference, CI: confidence interval, DOMS: delayed onset muscle soreness, CK: creatine kinase, EFP: early follicular phase, LFP: 
late follicular phase, MLP: mid-luteal phase. *Different between phases adjusted according to the severity of exercise protocol. N/A: not applicable. 

Maximum        

EFP 1 10 -3.46 [-4.95, -1.98] Z=4.57 (p<0.001) N/A 
(χ²=15.84; p<0.001) (χ²=8.90; p=0.01) LFP 4 36 -1.63 [-2.36, -0.89] Z=4.32 (p<0.001) 41% (0.16) 

MLP 9 88 -0.72 [-1.07, -0.36] Z=3.99 (p<0.001) 19% (0.27) 
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DISCUSSION 

The major finding of this study was that muscle damage, specifically DOMS and strength 

loss, is affected by MC phases The meta-analysis showed that the higher the concentration 

of sex hormones estrogen and progesterone, (as reported or assumed in the MLP 

according to the included studies) the lower the DOMS and strength loss differences 

observed between pre and post-exercise. In contrast, MC phases do not appear to affect 

CK response. The knowledge of muscle damage response relating to the exercise 

modality is important for prescription of adequate training loads and recovery periods to 

meet athletes’ requirements. To the best of our knowledge, this is the first meta-analysis 

to investigate the effects of sex hormone variations throughout the MC on post-exercise 

muscle damage response.  

 

Delayed Onset Muscle Soreness (DOMS) 

The major finding from our results is the difference between phases observed from 24 h 

to 72 h post-exercise. What could be clearly observed from our results is that the slightest 

DOMS increase was found in the MLP along all-time measurements in comparison to 

EFP and LFP, This finding agrees well with previous research (Oosthuyse & Bosch, 

2017), which has shown the underlying protective effect of estrogen (Enns & Tiidus, 

2010) when the concentrations of this hormone are high as in the MLP. However, on the 

basis of this finding, it could also be suggested that the increase of progesterone in the 

MLP may not necessarily modulate estrogen’s protective effects as has been suggested in 

the literature (Thompson et al., 2006). Additionally, results also suggest higher soreness 

values in the EFP, which indeed, could seem reasonable according to the menstrual-

associated dysmenorrhea reported by women (Daley, 2008) that could contribute to 
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increase muscle pain perception and decrease their predisposition to perform a physical 

task (Cristina-Souza et al., 2019). Nevertheless, this should be interpreted with caution, 

as the mean differences in the LFP in some time-points are also high. This hypothesis 

would need to be investigated to confirm whether a relationship exists between 

dysmenorrhea and higher muscle pain perception, as women can also experience 

periovulatory pain widely known as intermenstrual pelvic pain (Grandi et al., 2013).  

Concerning heterogeneity analysis, the MLP showed lower values in all time-points, 

which may be related to the larger number of studies analyzing EIMD in this phase (Table 

2) in comparison to the EFP and LFP. In general, the smaller amount of studies in these 

phases could impair achievement of statistical power required. Although our 

supplementary analysis could not confirm muscle damage severity as a source of 

heterogeneity, within the same severity level, high heterogeneity is still observed when 

analyzing DOMS values within the different phases, which may be related to the different 

combination of the variables that determine exercise load (e.g: reps, duration, 

recovery…). In this regard, in an attempt to group similar exercise protocols, from five 

studies evaluating DOMS over the MC (Anderson et al., 2017; Chaffin et al., 2011; 

Mackay et al., 2019; Oosthuyse & Bosch, 2017; Sipavičienė et al., 2013), only three 

consisted of endurance exercise protocols (Chaffin et al., 2011; Mackay et al., 2019; 

Oosthuyse & Bosch, 2017), and only two out of these three were classified with moderate 

muscle damage (Mackay et al., 2019; Oosthuyse & Bosch, 2017). However, one of the 

studies reported a lack of differences between MC phases (Mackay et al., 2019), while 

the other showed a trend to lower muscle soreness in the MLP (Oosthuyse & Bosch, 

2017). This variety of features regarding exercise variables additionally impairs 

comparisons between studies. Further reasons involved in DOMS response could be the 
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lack of entirely homogeneous rates of pain perception (Oosthuyse & Bosch, 2017) or 

other highly variable factors between subjects, as for instance, the architecture of the 

muscle fiber type. Fusiform muscles and type II fibers seem to be more susceptible to 

EIMD than pinnate muscles and type I fibers, respectively (Jamurtas et al., 2005). 

Nevertheless, it may also be related to other reasons like the complexity of nociceptive 

mechanisms, variations in single nucleotide polymorphisms associated to the level of 

muscle soreness (Jamurtas et al., 2005), or individual release of several substances (e.g., 

serotonin) in the degeneration–regeneration process of tissues that stimulate pain afferent 

nerve endings (Chen et al., 2011). Altogether, this meta-analysis suggests that the MC 

phase affects DOMS, even though the different exercise modalities and limited 

comparisons over the menstrual cycle indicate further research in the area is needed. 

 

Creatine kinase (CK) 

As previously mentioned, sarcomeres are overstretched during strenuous exercise, 

prompting an increase in membrane permeability and subsequent sarcolemma-associated 

disruption, which could lead to CK leakage from the damaged muscle to the blood stream 

(Koch et al., 2014). Peak values in serum CK have been observed 8 h after training, even 

though the most pronounced increase in CK appears to occur between 2 and 7 days post-

exercise (Brancaccio et al., 2007; Peake et al., 2017). The time course of CK release into 

plasma depends on the training status, exercise modality, and load. Our analysis revealed 

significant differences from baseline at 24 h and 48 h for all phases. In some phases these 

differences were observed at 72 h (MLP) and even 96 h (LFP and MLP) post-exercise. 

This could be expected after a damaging protocol due to the delayed CK response and 

slow diffusion out of the damaged muscle as a secondary stage of muscle damage 
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(Muanjai et al., 2019; Peake et al., 2017). The lack of differences in some time-points 

could be explained by the small amount of studies and participants evaluated in some 

phases as EFP and LFP in comparison to MLP (Table 2), which may not have been 

sufficient to reach the statistical power required. Intriguingly, the current meta-analysis 

did not demonstrate an effect of MC phase on CK response, and thus the results are not 

in agreement with the whole body of literature that suggests the positive influence of 

estrogen in muscle membrane stability and EIMD restraint (Clarkson & Hubal, 2001; 

Enns & Tiidus, 2010; Velders & Diel, 2013). Nonetheless, it is worth mentioning that the 

use of plasma enzyme activities for estimating the amount of muscle damage should be 

cautioned (Thompson et al., 2006; Van der Meulen et al., 1991). On one hand, high inter-

individual CK response variability has been observed, which could contribute to the high 

heterogeneity observed. This may be explained by its release by the muscle and its 

clearance by the reticuloendothelial system, which depends of lymph flow, since CK 

molecular weight does not permit direct passage to the blood (Machado et al., 2013). On 

the other hand, the increase of muscle enzymes in plasma do not necessarily reflect 

structural damage (Van der Meulen et al., 1991). The changes in baseline serum CK 

activity may indicate normal adaptations to physiological demands and be a part of the 

shift in muscle homeostasis that accompanies habitual and chronic exercise training 

(Thompson et al., 2006). In addition, CK response is related to the susceptibility of being 

a high or low responder (Brancaccio et al., 2007; Koch et al., 2014; Machado et al., 2012), 

and thus, the presence of variation in some genetic coding for specific myofibrillar 

proteins like a-actinin 3, myosin light chain kinase, or the myosin heavy chain isoform 

expressed by the cell and hence, the fiber type (Choi, 2014). 
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The lacking differences between MC phases in CK results are possibly derived from the 

fact that most studies analyzed evaluating exercise-induced CK in more than one phase 

of the MC did not find differences between them (Mackay et al., 2019; Oosthuyse & 

Bosch, 2017; Sipavičienė et al., 2013), although some of them did find differences 

(Hackney et al., 2019; Williams et al., 2015).  Intriguingly, the studies reporting 

differences between MC phases were classified as light in terms of EIMD severity, while 

those not reporting differences were classified as moderate. However, EIMD severity 

could not explain the results as no differences in CK were revealed by our supplementary 

analysis when exercise protocols where compared regarding their severity.  In fact, a mild 

relationship has been observed between volume load (weight x reps x sets) and plasma 

CK (Koch et al., 2014). However, duration may be relevant in this relationship as the two 

studies reporting differences between MC phases were running protocols longer in 

duration than the exercise protocols not reporting differences. This finding agrees well 

with previous research showing higher increase in both histological muscle damage and 

enzyme release following longer duration exercises, and even disproportionally higher in 

much longer exercises like marathons (Van der Meulen et al., 1991). Interestingly, in 

these two studies, higher post-exercise CK levels were observed in the MLP, when 

participants presented higher concentrations of sex hormones, than in the MFP when low 

concentrations were obtained. This result therefore would coincide with the pattern 

observed for muscle soreness for the EFP and MLP but this meta-analysis considering all 

the studies evaluating this response revealed no effects of MC phases on CK.  
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Strength loss 

The main finding related to exercise-induced strength loss provided by our analysis is the 

differences between phases observed in all post-exercise measurements except 96 h. As 

with DOMS, the lower mean difference in strength loss from pre to post-exercise was 

shown in the MLP, while the EFP seems to elicit the higher mean difference in this 

variable. This finding suggests that higher concentrations of sex hormones may attenuate 

strength loss following exercise and may be related to the fluctuation of estrogen 

receptors throughout the MC. Strength loss during maximal voluntary contraction has 

been consolidated by previous research as the main EIMD indirect marker, as it seems to 

coordinate the responses of other indirect markers (Damas et al., 2016).  However, the 

body of evidence evaluating exercise-induced strength loss throughout the MC is limited. 

In this meta-analysis three studies specifically evaluated strength loss (Anderson et al., 

2017; Mackay et al., 2019; Sipavičienė et al., 2013) over the MC. All three studies 

measured participants in the EFP, while two of them measured in the LFP (Mackay et al., 

2019; Sipavičienė et al., 2013), and one in the MLP (Anderson et al., 2017). However, in 

contrast to our results, two of these studies showed higher strength loss in the LFP or 

MLP when estrogen or both estrogen and progesterone present high concentrations. This 

might also be related to previous findings showing worse strength development in 

ovulation and mid-luteal phases (Tenan et al., 2016). In contrast, high estrogen 

concentrations have been related to greater expression of estrogen receptors (Ekenros et 

al., 2017; Haines et al., 2018), which seem to elicit the myogenic activation of satellite 

cells. Therefore, estrogens seem to assist muscle repair and regeneration during recovery, 

although this process needs further investigation.  
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Regarding the analysis of EIMD severity, difference between studies were observed. 

Although the exercise protocols considered were all lower limb-based except one, but 

some of them were classified as severe while others were classified as moderate in terms 

of muscle damage. In addition, these differences provided by our supplementary analysis 

may also be related to different factors such as participants’ training status. Nonetheless, 

heterogeneity values were lower in this variable, specifically in the MLP, possibly related 

to the greater number of studies evaluating strength loss in this phase (Table 2) in 

comparison to the EFP and LFP. Hence, despite this meta-analysis suggest lower strength 

loss in MLP, this finding should be taken with caution, as the number of studies evaluating 

exercise-induced strength loss is small in some phases of the MC, for instance, the EFP 

with only one study (Mackay et al., 2019).  

 

Further considerations 

A major limitation of the research to date and therefore in this systematic review is that 

so far only 7 studies have actually compared EIMD over the MC phases. The other 12 

studies included in this review only reported on responses to exercise at one point of the 

MC. From a total of 19 studies evaluated, only one performed a damaging protocol in 

three phases of the MC (Oosthuyse & Bosch, 2017). This study used a randomized 

controlled trial design with only 5 participants tested in each phase, thus not considering 

the whole range of hormone fluctuations from the same person. In contrast, six studies 

evaluated the same participants in two MC phases,  (Anderson et al., 2017; Chaffin et al., 

2011; Hackney et al., 2019; Mackay et al., 2019; Sipavičienė et al., 2013; Williams et al., 

2015) being one of these phases with sex hormones concentrations at their nadirs (EFP) 

or with low levels (MFP). However, in two of these studies (Mackay et al., 2019; 
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Sipavičienė et al., 2013), the phase with low sex hormone concentrations was compared 

to the phase with high estrogen and low progesterone concentrations (LFP), while in the 

rest of them, the comparison was between low hormone concentrations and high estrogen 

and progesterone levels (MLP) (Anderson et al., 2017; Chaffin et al., 2011; Hackney et 

al., 2019; Williams et al., 2015). Therefore, phases are not entirely comparable among 

them.  

The low number of studies evaluating more than one phase of the MC leads to another 

limitation, which is the high heterogeneity observed in some phases and time-points, 

especially the LFP. This highlights the existence of confounding variables influencing the 

results, such as the training status of participants, whose influence was not possible to 

analyze due to the scarce information provided by some studies. The protocol used to 

verify MC phases is another limitation of several of the studies. It should include 

retrospective monitoring of the cycle length, blood sampling to confirm hormone 

concentrations, and ovulation kits to detect the urine LH surge occurring just before 

ovulation and, consequently, the peak of estrogen (Janse de Jonge et al., 2019; 

Schaumberg et al., 2017). Also, temperature monitoring could help to depict a map of the 

MC phases (Tenan et al., 2013). These instruments provide information not only to 

properly identify LFP and MLP measurements but also to confirm the cycle is not 

anovulatory. From a total of 19 studies, none included the three-step methodology to 

verify the MC (Janse de Jonge et al., 2019; Schaumberg et al., 2017): calendar-based 

counting, serum hormone analysis, and urinary LH measurement. Specifically, ten of the 

included studies performed blood testing (Anderson et al., 2017; Chaffin et al., 2011; 

Hackney et al., 2019; Hicks, Onambélé-Pearson, et al., 2017; Minahan et al., 2015; 

Oosthuyse & Bosch, 2017; Savage & Clarkson, 2002; Sipavičienė et al., 2013; Thompson 



Romero Parra, N.  
 
 

 
78 

et al., 1997; Williams et al., 2015) and one salivary testing (Mackay et al., 2019) to 

analyze sex hormones, while only three studies predicted ovulation by using LH urine-

based kits (Mackay et al., 2019; Oosthuyse & Bosch, 2017; Thompson et al., 1997). The 

rest of studies only took into consideration calendar-based counting. Hence, further 

research should include more accurate methodologies to verify menstrual cycle phases.  

Finally, it should be considered that this meta-analysis is focused on the study of indirect 

markers of EIMD that are more attainable and useful for exercise coaches. Further 

research on histological analysis of muscle tissue damage through biopsies would be 

interesting to directly measure damage from muscle tissue. The hormone fluctuations may 

influence the presence and distribution of estrogen receptors between muscle fibers, 

which are important to mediate the transcriptional activity in physiological responses 

(Wiik et al., 2009). As previously mentioned, these receptors seem to favor muscle tissue 

repair and adaptation to physical training, and they may determine further actions of 

estrogens related to skeletal muscle. Therefore, on the basis of the outlined limitations, 

future research should focus on intra-subject designs, evaluating as many phases as 

possible of the MC, especially the EFP, LFP and MLP, and including both an adequate 

monitoring and verification of hormone fluctuations, and when possible, histological 

analysis of muscle tissue. 

 

In conclusion, the main finding from our analysis is that sex hormones influence muscle 

damage response over the MC. Specifically, DOMS and strength loss mean differences 

in response to exercise are lower in the MLP, when sex hormone concentrations are high, 

while the EFP seems to elicit higher DOMS and strength loss differences. These 

differences between MC phases extended to 72 h post-exercise for both variables, with 
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higher mean differences in comparison to baseline around 24 and 48 h post-exercise. No 

differences between MC phases were observed for CK. Hence, it is evident that further 

research should consider the response of muscle damage throughout the MC.  

 

5. PRACTICAL IMPLICATIONS 

Muscle damage has been demonstrated to acutely affect performance by increasing not 

only pain discomfort, but also the time needed for optimal recovery in order to achieve 

the appropriate training stimuli and adaptations (Fatouros & Jamurtas, 2016). The 

findings of this meta-analysis could provide helpful guidance on exercise prescription in 

females. During the EFP muscle tissues may not support such strenuous loads as those 

endured when sex hormone concentration is higher, and the muscle damage response 

seems to be attenuated. Hence, these results suggest key moments to increase loads (LFP 

and MLP) or recovery periods (EFP) according to athletes´ pain perception and muscular 

performance and strength after EIMD. Furthermore, the two variables showing 

differences between phases are DOMS and strength loss, which provide attainable and 

useful information to coaches to evaluate EIMD compared to blood markers such as CK. 

However, load administering should still be carefully controlled and individualized.  

Finally, this meta-analysis demonstrated peak muscle damage responses in women 

around 24 - 72 h post exercise. For future research could be therefore recommended to 

standardize time-points of testing to 24, 48 and 72 h post-exercise. This would reduce 

testing days, making volunteers’ enrollment more attainable. 
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ABSTRACT 

Context: The indirect markers of muscle damage have been previously studied in 

females. However, inconclusive results have been found, possibly explained by the 

heterogeneity regarding MC phase monitoring and verification.  

Purpose: To determine whether the fluctuations in sex hormones during the MC 

influence muscle damage.  

Methods: A total of 19 well-trained eumenorrheic women (age 28.6±5.9 y, height 

163.4±6.1 cm, body mass 59.6±5.8 kg) performed an eccentric-based resistance protocol 

consisting of 10x10 back squats at 60% of their 1RM on the EFP, LFP and MLP of the 

MC. Range of motion, muscle soreness, CMJ and limb circumferences were evaluated 

prior to and 24 h and 48 h post-exercise. Perceived exertion was evaluated after each set.  

Results: Differences in sex hormones indicated that tests were adequately performed in 

the different MC phases. Prior to exercise, muscle soreness was higher in the EFP 

(4.7±7.7) in comparison to the LFP (1.1±3.2) (p=0.045). No other variables showed 

significant differences between phases. Time-point differences (baseline, 24h and 48h) 

were observed in knee ROM (p=0.020) muscle soreness, CMJ and between sets for 

perceived exertion (p<0.001).  

Conclusion: Although the protocol elicited muscle damage, hormonal fluctuations over 

the MC did not seem to affect indirect markers of muscle damage, except for perceived 

muscle soreness. Muscle soreness was perceived to be more severe before exercise 

performed in EFP, when estrogen concentrations are relatively low. This may impair their 

predisposition to perform strenuous exercise during EFP. 

Keywords: female athlete, eumenorrheic, eccentric-exercise, muscle soreness, perceived 

exertion. 
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INTRODUCTION 

A bout of strenuous or unaccustomed exercise could trigger the damage to muscle tissues, 

specifically sarcomeres and myofibers. Muscle damage response is mainly characterized 

by the loss of muscle strength, the reduction in the ROM, the increase in muscle soreness 

and limb girth and the release of myocellular enzymes and proteins into the blood stream, 

or a combination of these (Peake et al., 2017). Additionally, a decrease in CMJ height 

could also be considered as a marker of muscle damage since this test shows high fatigue 

sensitivity (Gathercole et al., 2015). Altogether, these markers may be altered following 

a strenuous bout of exercise. 

An increasing number of women are engaging in high-intensity training, which has led to 

a recent increase in women-based research studies (Muanjai et al., 2019), in spite of the 

difficult nature of controlling the female hormonal environment (Cristina-Souza et al., 

2019). Sex hormone concentrations dramatically change throughout the two major phases 

of the MC: the follicular phase, focused on maturing a reproductive cell, and the luteal 

phase, focused on its regression. Thus, muscle damage response to exercise could vary 

accordingly. During the EFP, both estrogen and progesterone concentrations are at their 

lowest levels. Estrogen increases half-way through the MFP and reaches its peak during 

the LFP, while progesterone remains low. After ovulation, progesterone starts rising 

while estrogen levels drop before being gradually recovering through the luteal phase 

(Janse de Jonge, 2003). During the MLP, both estrogen and progesterone are elevated and 

subsequently fall during the late luteal phase (Janse de Jonge, 2003).  

Estrogens may influence muscle membrane stability and limit muscle damage, as 

suggested by studies with animal models (Enns & Tiidus, 2010). Likewise, some research 

with postmenopausal women has also shown benefits in post-exercise muscle disruption 
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and inflammation in estrogen replacement therapies users (Dieli-Conwright et al., 2009; 

Tiidus, 2011). However, muscle damage response in premenopausal women is not clear 

due to the lack of studies properly investigating sex hormone fluctuations by considering 

more than one phase of the MC. Additionally, further factors that may contribute to these 

inconclusive findings include: the lack of accuracy in verifying MC phases (Janse de 

Jonge et al., 2019), the different modalities of exercise performed (eccentric exercise, 

downhill running, electrostimulation…) and the different training status of the recruited 

participants. Therefore, the aim of this study was to determine whether sex hormone 

fluctuations throughout the MC influence indirect markers of muscle damage in well-

trained women. We hypothesize that muscle damage is lower when the estrogen 

concentration is higher, as it is observed in LFP. 

 

METHODS 

Participants 

A total of nineteen healthy eumenorrheic women (age 28.6±5.9 y, height 163.4±6.1 cm, 

body mass 59.9±5.6 kg, fat mass 14.8±5.1 kg, fat free mass 42.6±3.1 kg, and bone mineral 

content 2.6±0.3 kg) were recruited to participate in this study. All participants self-

reported their experience in resistance training (at least 1-hour session two times per week 

during a minimum of a year).  The exclusion criteria included the following: (1) irregular 

MCs, considering regularly occurring MCs those ranging from 24 to 35 days in length 

(Lebrun et al., 1995), (2) the use of OCs in the six months preceding the study, (3) any 

existing disease and/or metabolic or hormonal disorder, (4) any musculoskeletal injury in 

the last six months, (5) any surgery interventions (i.e. ovariectomy) or other medical 

conditions that would be exacerbated by an eccentric resistance exercise protocol, (6) the 
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regular use of medication or dietary supplements that could affect the results, (7) 

pregnancies in the year preceding and (8) smoking. Inclusion and exclusion criteria were 

determined through an individual questionnaire and all participants signed written 

informed consent prior to inclusion in the study. All procedures complied with the 

Declaration of Helsinki and were approved by the Universidad Politécnica de Madrid 

ethics committee board.  

 

Study Design 

Participants first visited the laboratory within days 2 to 5 of their EFP, considering day 1 

as the onset of menstrual bleeding. In this screening session, blood samples were drawn 

in order to determine and discount any existing disorder. Subsequently, the participants’ 

body composition was assessed by Dual-Energy X-ray Absorptiometry (DXA) with a GE 

Lunar Prodigy apparatus using the version 6.10.029 of the GE Encore 2002 software (GE 

Healthcare, Madison, Wisconsin, USA). This session concluded with the strength 

assessment of the lower limb through the 1RM test for the parallel back squat exercise. 

The 1RM test consisted of 4 sets of 1 rep with increasing loads from 75% to 90% of their 

estimated 1RM. The full ROM of each lift was recorded with an iPhone 6s running iOS 

12.1.3 (Apple Inc., Cupertino, CA, USA) and processed with the Powerlift v.9.1.7 iOS 

App (Balsalobre-Fernández et al., 2017).  Then, the participants visited the laboratory on 

three further occasions according to the EFP (3±1 days), LFP (12±3 days) and MLP (22±3 

days) of the MC, to perform an eccentric-based resistance protocol as described below, 

in order to cause muscle damage (Figure 11). Data were collected over two menstrual 

cycles in a counter-balanced and randomized order to avoid learning effects. In addition, 
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two MCs were also necessary to provide a minimum recovery of one week between the 

LFP and EFP or MLP. 

Serum blood samples were obtained in each session to determine hormone 

concentrations. All measurements (muscle soreness, thigh and calf circumferences, hip 

and knee ROMs, and CMJ performance) were assessed prior to exercise (baseline) and 

post-exercise (24 and 48 h) by the same researcher. Additionally, CMJ was assessed 

immediately post-exercise (0 h) (Figure 11). 

 

 

Figure 11. Eccentric-based resistance protocol performed in the EFP, LFP, and MLP of the MC. 
CMJ indicates countermovement jump; EFP, early follicular phase; FSH, follicle stimulating 
hormone; LFP, late follicular phase; LH, luteinizing hormone; MLP, mid-luteal phase; ROM, 
range of motion; 0 h: immediately post-exercise; 24 and 48 h: 24 and 48 hours post-exercise, 
respectively. 
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Determination of menstrual cycle phase 

Participants reported the length of their last six MCs before starting this study, to 

determine the average cycle length (considering the onset of menses as the start of the 

cycle). A gynecologist confirmed that the cycles were eumenorrheic and calculated the 

range of different phases in volunteers. From this retrospective analysis, the following 

cycle was prospectively estimated.  

Ovulation was confirmed by using a home ovulation kit (Ellatest, Alicante, Spain) to 

adequately arrange LFP and MLP sessions. It is naturally occurring within the 14-26 

hours after the LH surge is detected (14±3 days) in the urine-based test (Janse de Jonge, 

2003). Following the manufacturer’s instructions, the second urine sample was collected 

at the same time each day, from three to five days before expected ovulation. Then, to 

confirm that the participants were conducting the trials in the correct phase, blood samples 

were collected at the beginning of each session to determine steroid hormone levels. In 

this regard, ovulation was confidently assured as the minimum conservative limit of 16 

nmol/L (4.61 ng/mL) of post-ovulatory progesterone was accomplished (Janse de Jonge, 

2003; Janse de Jonge et al., 2019).  

 

Procedures 

Prior to the eccentric-based resistance protocol, perceived muscle soreness was measured 

using a VAS (Bijur et al., 2001). Participants were requested to rate the level of soreness 

experienced in their thighs and glutes during a parallel unweighted squat from 0 mm (no 

pain at all) to 100 mm (unbearable pain). After that, a standard centimeter-marked tape 

was utilized to measure changes in muscle girth as an indirect marker of edema. Midthigh 

and midcalf points were marked with permanent marker in order to ensure reliability 
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across measurements and limb girths were assessed on the right side of the body 

according to the International Society for the Advancement of Kinanthropometry 

guidelines (ISAK).  

Later, after a 5-min cycle-ergometer warm-up, hip and knee passive ROMs were 

measured using a manual goniometer accurate to 1º (Jamar 360º steel goniometer, 

Greendale, WI, USA). For hip ROM, a traditional hamstring passive stretching procedure 

was performed with the participant laid supine on the floor whereas a researcher flexed 

the right hip (both knees extended) until the point of discomfort. Then, to measure knee 

ROM, participants performed a modified kneeling lunge with their left leg with the trunk 

in an upright position, placing their left knee in line with their left ankle and aligning their 

lower left leg perpendicular to the floor so that the right hip was stretched to the point of 

discomfort (Macdonald et al., 2014). This hip angle was also registered and reproduced 

on subsequent occasions. After positioning, the researcher passively flexed the right knee 

until reaching the point of discomfort. An increase in both angles (increased ROM) 

indicated a decrease in mobility. Immediately after ROM assessment, CMJ was evaluated 

with the My Jump v.5.0.6 iOS App (Gallardo-Fuentes et al., 2016). The jump was 

recorded with the previously mentioned IPhone 6s and the flight time was calculated by 

identifying take-off, and landing frames providing jump height as outcome.  

After some mobility and dynamic stretching exercises, a more specific squat-based warm-

up was performed with moderate loads about 50-60% of the maximum value obtained 

during the screening session. After that, the 1RM was estimated again in each eccentric 

session by performing a quick test with the Powerlift App based on the full test previously 

performed in the screening session. Both in CMJ and 1RM recordings, the frequency was 

240 frames per second. Since these procedures required manual selection by the 



Romero Parra, N.  
 
 

 
90 

researcher, two independent observers analyzed the same videos. Once the 1RM test was 

completed the 1RM load was provided by the App from the force-velocity profile. 

 

Eccentric-based resistance exercise  

The eccentric-based resistance exercise consisted of 10 sets of 10 reps, at 60% of their 

1RM, of plate-loaded barbell parallel back squats, with a 2 min rest between sets. Squats 

tempo (4-s eccentric movement, 1-s pause at the bottom, 1-s concentric movement and 1-

s pause at the top of the lift) was controlled using a timer, with the researcher signaling 

the changes in the lifting phase and providing verbal encouragement. The protocol was 

focused on the eccentric phase of the lift in order to achieve greater muscle damage 

(Macdonald et al., 2014). Perceived exertion from every set was also obtained by 

administering a 10-point scale from 0 (extremely easy) to 10 (extremely hard) (Robertson 

et al., 2003).  

 

Blood sampling  

All blood samples were obtained by venipuncture into a vacutainer containing clot 

activator. Following inversion and clotting, the whole blood was centrifuged (Biosan 

LMC-3000 version V.5AD; Biosan, Riga, Latvia) for ten minutes at 3000 rotations per 

minute and transferred into Eppendorf tubes before being stored frozen at -80ºC until 

further analysis. Estradiol 17-ß, progesterone, follicle-stimulating hormone (FSH) and 

luteinizing hormone (LH) were measured with a COBAS E411 (Roche Diagnostics, 

GmbH, Manheim, Germany), using ECLIA (Electrochemiluminescence immunoassay) 

technology. Proprietary reactives were calibrated following internal politics of laboratory 

calibration, and controls were assayed after calibration. Inter- and intra-assay coefficients 
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of variation reported by the laboratory were respectively: 5.3% and 1.8% at 1.2 mIU/mL 

for FSH; 5.2% and 1.8% at 0.54 mIU/mL for LH; 11.9% and 8.5% at 93.3 pg/mL and 

6.8% and 4.7% at 166 pg/mL for 17β-estradiol; 23.1% and 11.8% at 0.7 ng/mL and 5.2% 

and 2.5% at 9.48 ng/mL for progesterone. 

 

Statistical Analysis  

Data are presented as mean (SD). The statistical analysis was conducted using the 

software package SPSS for Windows, version 25.0 (IBM Corp, Armonk, NY). A Shapiro-

Wilk test for normality was used. One-way ANOVA was used to analyze hormones 

concentrations and 1RM in the three phases studied. Then, two-way ANOVA with 

repeated measures (phases x time) was used to explore the objective. Perceived exertion, 

as data were not normally distributed, was analyzed with a non-parametric Friedman test 

to assess differences along sets and phases. Where appropriate, the Bonferroni post-hoc 

test was applied to examine pairwise comparisons of each significant factor. Finally, once 

data were log-transformed, the standardized Cohen’s d with its 95% confidence limit 

(CL), and the magnitude-based inference (MBI) were analyzed to explore the effect size 

(ES) and the clinical relevance of the findings (Hopkins, 2017; Hopkins et al., 2009) The 

ES was interpreted based on the following criteria: <0.2 = trivial, 0.2 to 0.6 = small effect, 

0.6 to 1.2 = moderate effect, 1.2 to 2.0 = large effect, and >2.0 = very large. Magnitude-

based inferences were carried out to determine the beneficial (negative), trivial or harmful 

(positive) effects of the MC phases. When a clear interpretation was possible, a qualitative 

inference was given as follows: 0.5% to 5%, very unlikely; 5% to 25%, unlikely; 25% to 

75%, possibly; 75% to 95%, likely; 95% to 99.5%, very likely; and >99.5%, most likely. 

The significance level was set at p<0.05.  
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RESULTS 

Results from hormone analysis are presented in Figure 9. A phase-effect was observed 

for estradiol (F1,26=14.53), progesterone (F1,19=117.27), LH (F2,19=8.54) and FSH 

(F2,19=23.33) (p<0.001 for all variables) indicating higher LH and estrogen concentrations 

in LFP and higher estrogen and progesterone levels in MLP. Results from 1RM were 

75.9±16.8 kg, 75.5±17.4 kg, and 74.7±16.3 kg for EFP, LFP and MLP, respectively, 

without significant differences between phases (p=0.571). 

 

Figure 12. Hormone concentrations in the different phases of the MC. EFP indicates early 
follicular phase; LFP, late follicular phase; MLP, mid-luteal phase. *Different from the other 
phases (p<0.001); **Different from the EFP (p=0.002). 

 

Results from circumferences, ROM and CMJ are shown in Table 3. A trend for phase 

was observed for hip ROM (F2,27=3.09; p=0.073) and CMJ (F2,36=3.073; p=0.059). No 

effect of phase was observed for thigh and calf circumferences (p=0.649 and p=0.879, 

respectively) or knee ROM (p=0.197). An effect of time was obtained for knee ROM 

(F2,36=4.384; p=0.020) and CMJ (F2,37=30.169; p<0.001). No effect of time was observed 

for thigh and calf circumferences (p=0.094 and p=0.242, respectively) and for hip ROM 
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(p=0.105). Results from ES and MBI for phase and time effects are shown in Table 4. No 

interaction was observed between phase and time for either thigh or calf circumferences 

(p=0.630 and p=0.878, respectively), hip ROM (p=0.780), knee ROM (p=0.904), and 

CMJ (p=0.458). Likewise, ES and MBI for interactions were negligible (data not shown).  
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Table 3. Circumferences, ROM and CMJ throughout the MC. Mean (SD). 

  EFP LFP MLP Total 
Thigh circumference 
Baseline 51.95 (3.82) 51.56 (4.19) 51.67 (3.74) 51.73 (3.92) 
24 h 52.04 (3.82) 51.74 (4.34) 51.68 (3.81) 51.82 (3.99) 
48 h 52.10 (3.77) 51.70 (4.18) 51.75 (3.90) 51.85 (3.95) 
Total 52.03 (3.81) 51.66 (4.24) 51.70 (3.82)    
                  
Calf circumference                
Baseline 35.02 (1.50) 35.01 (1.66) 34.97 (1.61) 35.00 (1.59) 
24 h 34.98 (1.54) 34.98 (1.55) 34.93 (1.65) 34.96 (1.58) 
48 h 34.98 (1.51) 34.94 (1.57) 34.96 (1.69) 34.96 (1.59) 
Total 34.99 (1.52) 34.98 (1.59) 34.95 (1.65)    

                  
Hip ROM                
Baseline 82.00 (14.85) 85.00 (17.12) 80.94 (15.90) 82.65 (15.96) 
24 h 80.39 (11.12) 83.94 (13.60) 82.06 (15.13) 82.13 (13.28) 
48 h 80.17 (13.64) 81.78 (15.18) 79.72 (14.71) 80.56 (14.51) 
Total 80.85 (13.20) 83.57† (15.30) 80.91 (15.25)    
                  
Knee ROM                 
Baseline 55.47 (11.99) 57.53 (12.71) 59.21 (11.62) 57.40 (12.11) 
24 h 55.37 (10.68) 59.11 (9.92) 61.37 (11.33) 58.61* (10.64) 
48 h 53.56 (12.05) 56.11 (9.80) 56.74 (9.03) 55.47 (10.29) 
Total 54.80 (11.57) 57.58 (10.81) 59.11 (10.66)     
         
CMJ         
Baseline 25,70  (5.34)  25.73    (5.47)  26.40  (6.21)  25.94  (5.67) 
0 h 21.47 (4.50) 22.10 (4.86) 22.69 (4.83) 22.10** (4.73) 
24 h 24.25 (5.51) 24.55 (5.61) 25.65 (6.47) 24.82*** (5.87) 
48 h 25.24 (6.08) 24.62 (5.27) 25.79 (6.15) 25.22 (5.84) 
Total 24.17 (5.36) 24.25 (5.30) 25.13 (5.91)    

*Different from 48 h (p=0.030). **Different from the rest of time points (p<0.001). ***Different 
from baseline (p=0.05). †Trend (p=0.07) to be different from EFP and MLP. 
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Table 4. Percent changes both between time-points and phases for circumferences, ROM, 
CMJ and muscle soreness. Mean± CL.  

TIME-EFFECTS PHASE-EFFECTS 
 % CHANGE ES  % CHANGE ES 

Thigh Circumference 
Baseline - 24h 0.17±0.19 0.03 EFP - LFP -0.74±1.19 0.10 
Baseline - 48h 0.25±0.30 0.02 EFP - MLP -0.59±1.49 0.08 

24h - 48h 0.06±0.27 0.01 LFP - MLP 0.16±1.27 0.02 
Calf Circumference 

Baseline - 24h 0.11±0.17 0.02 EFP - LFP 0.09±1.81 0.01 
Baseline - 48h -0.12±0.14 0.03 EFP - MLP 0.02±1.81 0.03 

24h - 48h -0.01±0.17 0.00 LFP - MLP -0.07±0.29 0.02 
Hip ROM 

Baseline - 24h 0.12±3.18 0.00 EFP - LFP 3.20±3.69 0.15 
Baseline - 48h -8.66±4.06 0.09 EFP - MLP -6.84±3.56 0.02 

24h - 48h -8.81±2.41 0.15 LFP - MLP -9.59±2.80 0.17 
Knee ROM 

Baseline - 24h 2.71±3.73 0.15 EFP - LFP 7.70±9.31 0.27† 
Baseline - 48h -2.64±4.68  0.25† EFP - MLP 11.14±11.71  0.50†† 

24h - 48h -5.10±3.95   0.40†† LFP - MLP 3.32±6.98 0.23† 
CMJ 

Baseline- 0h -14.51±3.54    0.70††† EFP - LFP 0.72±3.84 0.02 
Baseline - 24h -4.53±1.87 0.21† EFP - MLP 4.01±3.21 0.16 
Baseline - 48h -2.79±2.74    0.13 LFP - MLP 3.54±3.06 0.14 

0h - 24h 12.32±4.35    0.49†††    
0h - 48h 14.28±4.74    0.57†††    
24h - 48h 1.86±2.53 0.07    

Muscle Soreness 
Baseline - 24h 26.84±5.81 3.06††† EFP - LFP 5.26±6.09  0.34† 
Baseline - 48h 22.63±5.98 2.67††† EFP - MLP 4.21±5.63  0.33† 

24h - 48h -4.21±4.34   0.35†† LFP - MLP -1.05±5.30 0.01 
%: percent of change, CL: confidence limit, ES: effect size, ROM: Range of Movement, CMJ: 
counter movement jump, EFP: early follicular phase, LFP: late follicular phase, MLP: mid-luteal 
phase, †††most likely, ††likely, †possibly (positive or negative). 
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Muscle soreness results are shown in Figure 13. No effect of phase (p=0.242) was 

observed while an effect of time (F2,36=64.414; p<0.001) was shown for this variable. It 

was supported by clinical inference indicating that 24 h (2.9±1.3) and 48 h (2.5±1.2) post-

exercise soreness values were higher than at baseline (0.3±0.5) (Table 4). Additionally, 

an interaction between phase and time (F2,44=3.098; p=0.046) was observed (Figure 13). 

In accordance, clinical inference regarding interaction effects revealed that soreness was 

possibly higher in the EFP than in the LFP at baseline [1.07]. In addition, a moderate ES 

showed that soreness seemed likely to be higher in the LFP than in the EFP 48 h post-

exercise [0.55] despite no significant difference (p=0.122) being observed between LFP 

and EFP 48 h post-exercise. However, this difference between the two statistical 

approaches is worth mentioning.  

 

Figure 13. Perceived muscle soreness in the different phases of the MC (0 indicating no pain at all and 10 
unbearable pain). *Different from the rest of time points (p<0.001). **Different from the EFP (p=0.045). 
EFP indicates early follicular phase; LFP, late follicular phase; MLP, mid-luteal phase. 
 

Perceived exertion values during the protocol are shown in Figure 14. The non-parametric 

test revealed no significant differences (p=0.689) between EFP (6.7±1.4), LFP (6.5±1.2) 
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and MLP (6.6±0.9). Finally, differences between sets were observed (χ²=145.73; 

p<0.001).  

 

Figure 14. Rating of perceived exertion during the eccentric-based resistance protocol. *Different 
from set 1 (p<0.001); **different from set 2 (p=0.020 for set 5 in the EFP; p=0.006 for set 5 in 
MLP; p=0.003 for the rest of comparisons); ***different from set 3 (p<0.001); †different from set 
4 (p=0.049 for set 8 in the EFP; p=0.006 for set 9 and 10 in the EFP; p=0.016 for set 9 in the 
LFP; p<0.001 for the rest of comparisons). EFP indicates early follicular phase; LFP, late 
follicular phase; MLP, mid-luteal phase. 

 

DISCUSSION 

The major finding of our study is that the fluctuation of sex hormones over the MC does 

not seem to affect indirect markers of muscle damage, except muscle soreness. To the 

best of our knowledge, no studies in the literature have analyzed muscle damage 

responses in the same participants after an eccentric-based protocol in the EFP, LFP and 

MLP of the MC. Muscle pain perception before exercise increased in the EFP when 

estrogen and progesterone were at their nadirs. This could be related to the menstrual 
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disturbances reported by some women during menstruation, such as cramps or pain, 

which are mainly experienced in the lower abdomen but it may radiate to the lower back 

and/or upper legs eliciting physical distress (Daley, 2008). Similar results have also been 

reported by other studies where participant soreness was evaluated at least twice 

(Anderson et al., 2017; Oosthuyse & Bosch, 2017). In these studies, higher soreness 

values in the EFP were also shown following exercise. On the contrary, in our study, a 

moderate ES could suggest a different post-exercise pattern, with higher values of 

soreness 24h post-exercise in the MLP and 48h post-exercise in the LFP. According to 

this result, the protective role of estrogen suggested by the literature (Enns & Tiidus, 

2010; Kendall & Eston, 2002) might not have attenuated exercise-induced muscle 

soreness. In contrast, some studies did not report changes in muscle soreness at any post-

exercise time-point in comparison to baseline (Chaffin et al., 2011; Sipavičienė et al., 

2013). All of these disparities in findings could not be attributed to different rating scales, 

as studies in general used a 100 mm VAS (Anderson et al., 2017; Oosthuyse & Bosch, 

2017) or 10-point scale, as reported in this study (Anderson et al., 2017; Chaffin et al., 

2011; Sipavičienė et al., 2013). However, they may be attributed to differences in exercise 

modalities or the training status of participants. In addition, the previous literature barely 

includes both blood hormones confirmation and LH urine surge detection (Janse de Jonge 

et al., 2019) in the methodology to verify menstrual cycle phases, hence impairing 

comparisons of participant’s hormonal status between studies. As a result, further 

research is needed to confirm whether the EFP is the most pain sensitive phase and the 

possible relationship between sex hormones and pain mechanisms.  

Regarding the rest of the parameters analyzed, only significant differences between time-

points were observed, indicating that our squat-based protocol elicited muscle damage. 
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The previous literature is in agreement with our lack of significant differences between 

phases in CMJ (Julian et al., 2017). In addition, another study assessed muscle function 

and fatiguability in the same phases as in our study and no differences between MC phases 

were observed (Janse de Jonge et al., 2001). Despite no exercise protocol being performed 

in these studies, it could be suggested that hormone fluctuations during the menstrual 

cycle may not influence CMJ in terms of both performance and as a muscle damage or 

fatigue marker on the basis of these findings.  Moreover, as in our study, no significant 

differences were found in 1RM, and sex hormones may not either influence maximum 

strength. However, other factors could be influencing CMJ and 1RM, such as technique 

or the fact that both exercises are highly related to nervous system response. In our study, 

CMJ was reduced 24 h post-exercise in comparison to baseline, which was inconsistent 

with other studies reporting reduced CMJ height at 48 h post-exercise (Brown et al., 2016; 

Keane et al., 2015). However, the findings are not entirely comparable as they only 

evaluated the MLP and used a different exercise protocol to induce muscle damage.  

Not many studies in the literature have evaluated decreases in ROM after damaging 

exercises throughout the menstrual cycle. Our findings showed a higher ROM, and as a 

result, worse mobility 24h post-exercise in comparison to 48h post-exercise for knee 

ROM, suggesting that the impairment observed 24h post-exercise recovered 48h post-

exercise, independent of the MC phase. This could be associated to muscle soreness, as 

women used to report higher soreness 24 h rather than 48 h post-exercise, although no 

significant differences were observed between these phases to confirm this statement. 

Other studies with women where knee ROM was evaluated after damaging cycling (Joyce 

et al., 2014) or bench stepping (Thompson et al., 1997) protocols did not test 24h post-

exercise measurement, but instead showed impairments in ROM 48h post-exercise. 
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However, none of these studies evaluated more than one MC phase. In addition, further 

analysis of ROM should also include blood samples along the time-points to confirm that 

ROM changes are not influenced by the levels of certain female hormones like estrogen 

or even relaxin. 

As for ROM, there is little literature providing an assessment of perceived exertion during 

resistance protocols in women considering their MC. In our study, no differences were 

observed between menstrual cycle phases were observed in perceived exertion through 

the exercise sets. In comparison, perceived exertion during aerobic exercise has been 

previously investigated, revealing higher values through the exercise in the EFP in 

sedentary women, while the lowest values were obtained in the MLP (Hooper et al., 

2011). They suggest that the increase in perceived exertion could be due to the rising pain 

perception observed during the exercise. This was possibly triggered by the increasing 

pain sensitivity in the EFP as a consequence of the endogenous hormone drop. In fact, 

young female athletes also reported higher training monotony and training strain in the 

EFP than in the LFP also during an endurance protocol (Cristina-Souza et al., 2019). 

Additionally, the time of recovery required was shorter in the LFP in comparison to the 

EFP and MLP. Altogether, this may indicate that lower concentrations of sex hormones 

could impair the predisposition of achieving a physical task but not necessarily the 

performance. Nonetheless, methodological aspects as differences in sample size or in 

participants’ training status or hormonal profiles should be cautiously considered when 

exploring perceived exertion during exercise (Cristina-Souza et al., 2019). 

Finally, our results did not show any significant differences between time-points or phases 

in circumference measurements, which is in accordance with the previous literature 

(Keane et al., 2015; Thompson et al., 1997). Not only does this suggest that our protocol 
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could not be strenuous enough to trigger significant inflammation or edema, but it also 

indicates that the participants’ training status may be sufficiently adapted to not suffer 

from edema, even though the protocol was intense enough to elicit muscle damage. 

Our study provides an approach towards response throughout the MC, evaluating some 

indirect markers with attainable tools and devices. In addition, to the best of our 

knowledge, it is the first study to evaluate the enrolled participants in all of the 

aforementioned menstrual cycle phases, performing an exercise protocol that could 

belong to any female’s training program, under a complete methodology for MC phase 

verification (Janse de Jonge et al., 2019), consisting of the combination of three methods: 

blood analysis, urine-based ovulation kits and calendar counting. However, it would be 

more accurate to measure sex hormone concentrations on a daily basis during the entire 

cycle. Furthermore, another possible limitation of the study is that despite the phase order 

being counter-balanced, the repeated bout effect has not been studied. Even though this 

effect could be less acute in our study due to the training status of our participants, it is a 

key aspect to consider in future studies. In addition, the inclusion of blood markers of 

muscle damage could provide helpful information about tissue damage (Muanjai et al., 

2019) relevant to address this response. Finally, another limitation could be that our squat 

exercise protocol may not have been strenuous enough to induce differences in markers 

between MC phases in comparison to a less lifelike but more damaging exercise.   

 

PRACTICAL APPLICATION 

This study could provide useful information for training prescription in order to determine 

training loads and recovery times for female athletes, especially in phases where estrogen 

concentrations are lower and pain perception seems to be higher. As previously 
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mentioned, an increasing number of women are engaging in sports and training, therefore, 

coaches should be provided with as many tools as possible to meet female sport 

requirements. According to this alleged increase in muscle soreness perception before 

exercise, dealing with an intense workout may seem initially less attainable during this 

phase but should not necessarily be accompanied by impairments in performance or 

higher acute muscle damage. Perceived side effects may be individually considered when 

possible in order to facilitate training achievement, especially when pain perception may 

be higher. An additional feature from this research could be the contribution to future 

investigations in order to show the markers with the greatest potential that are influenced 

by female sex hormone fluctuations and to focus on a deeper study of these responses.  

 

CONCLUSION 

In summary, the current results suggest that an eccentric squat-based exercise in well-

trained females elicits muscle damage, which could be observed from soreness, ROM and 

CMJ post-exercise changes in comparison to baseline. However, the sole marker that 

seems to be affected by hormone fluctuations during the MC is muscle soreness. The 

lower estrogen concentration during the EFP resulted in a higher perception of muscle 

soreness before the start of the exercise bout. However, in post-exercise time-points, this 

pattern seems to change, so estrogen might not attenuate soreness related to exercise-

induced muscle damage. Therefore, further research is needed to clarify whether 

menstrual disturbances affect this pain perception. 
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ABSTRACT 

The aim of this study was to evaluate whether the MC and its underlying hormonal 

fluctuations affect muscle damage and inflammation in well-trained females following an 

eccentric exercise. Nineteen eumenorrheic women performed an eccentric squat-based 

exercise in the EFP, LFP and MLP of their MC. Sex hormones and blood markers of 

muscle damage and inflammation –CK, myoglobin, LDH, IL-6, TNF-a, and CRP– were 

analyzed in each phase. No effect of MC phase was observed (p > 0.05), while an 

interaction for IL-6 was shown (p = 0.047). Accordingly, a moderate ES [0.68 (0.53)–

0.84 (0.74)], indicated that IL-6 values 2 h post-trial (2.07 ± 1.26 pg/mL) were likely to 

be higher than baseline (1.59 ± 0.33 pg/mL), 24 h (1.50 ± 0.01 pg/mL) and 48 h (1.54 ± 

0.13 pg/mL) in the MLP. Blood markers of muscle damage and inflammation were not 

affected by the MC in well-trained women. The eccentric exercise barely triggered muscle 

damage and hence, no inflammation was observed, possibly due to participants training 

status. The MLP was the only phase reflecting a possible inflammatory response in terms 

of IL-6, although further factors than sex hormones seem to be responsible for this 

finding.  

Keywords: sex hormones; creatine kinase; inflammation; female 
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INTRODUCTION 

The release of muscle-specific enzymes and proteins into the blood stream is one of the 

consequences of EIMD, which is evident from isometric exercise at a long muscle length 

but it is predominately elicited by eccentric muscle contractions (Peake et al., 2017). 

Muscles may not be accustomed to these exceeding loads which overstretch sarcomeres, 

and thus, sarcolemma and t-tubules are disrupted (Peake et al., 2017). As a result, 

membrane permeability increases, and calcium enters the cytosol which stimulates some 

enzymes that may degrade contracting proteins (Peake et al., 2017). This contributes to 

the release of CK in the blood stream (Koch et al., 2014), which has been widely 

monitored in sports medicine (Brancaccio et al., 2007), as well as the potential release of 

myoglobin and LDH (Koch et al., 2014). The acute phase of the muscle damage response 

is characterized by the inflammatory process in response to injury, which facilitates the 

movement of fluids and cells into the damaged tissue (Kendall & Eston, 2002). 

Essentially, inflammatory cells are involved in the clearance of debris while myogenic 

satellite cells promote repair and remodeling of tissues (Enns & Tiidus, 2010; Kendall & 

Eston, 2002). The downstream process is triggered by circulating tissue resident 

leukocytes, among which, neutrophils immediately arrive at the site of injury within the 

first 12 hours. As a consequence, the production of substances such as reactive oxygen 

and nitrogen species increases, as well as the secretion of pro-inflammatory cytokines 

such as TNF-a (Enns & Tiidus, 2010; Kendall & Eston, 2002). This cytokine— TNF-

a—enhances the release of IL-6 in response to exercise; however, IL-6 is also released 

by pro-inflammatory macrophages that arrived at the site of injury to propagate the 

inflammatory response by secreting other cytokines such as interleukin-1 or interleukin-

2 (Enns & Tiidus, 2010; Kendall & Eston, 2002). These are the main mediators of 
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inflammation as they attract inflammatory cells and stimulate satellite cell proliferation 

(Kendall & Eston, 2002). However, IL-6 in response to exercise also plays an anti-

inflammatory role as it triggers T-regulatory lymphocyte differentiation. Within the first 

24 hours, most damaged tissues are phagocytosed, and after 24 hours, anti-inflammatory 

macrophages and T-regulatory lymphocytes replace the pro-inflammatory cells; 

therefore, reducing inflammation and enhancing myoblast and differentiation, which 

promotes the repair of tissues (Peake et al., 2017). The release of all these markers into 

the blood stream and their clearance from plasma also depends on some factors such as 

participants’ training status, the type, intensity and duration of exercise, and the 

performance of subsequent bouts of exercise (Brancaccio et al., 2007; Koch et al., 2014). 

Moreover, the fact that some subjects could be high or low responders, with regards to 

reporting higher or lower elevations of these serum markers in response to the same 

stimulus, should be also considered (Koch et al., 2014). Finally, the complexity of the 

female’s hormonal environment due to sex hormones fluctuations throughout the 

menstrual cycle may be seen as an additional barrier to evaluate muscle damage and 

inflammation responses to exercise. 

Animal studies provide some evidence of estrogens’ protective effects against muscle 

damage (Enns & Tiidus, 2010; Kendall & Eston, 2002). These effects consist of playing 

an antioxidant role—due to their structure, estrogens facilitate the donation of hydrogens, 

limit peroxidation chain reactions, and therefore, contribute to membrane stability 

(Rankin et al., 2018). In human models, specifically in postmenopausal females, the use 

of estrogen-based replacement therapies has demonstrated to be beneficial to strength 

(Greising et al., 2009), as well as reducing muscle damage and inflammation markers 

after exercise (Dieli-Conwright et al., 2009). However, regarding premenopausal women 

this effect is not clear. A possible reason could be the complexity of understanding the 
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menstrual cycle and its hormonal fluctuations (Bruinvels et al., 2017; Hackney et al., 

2019). Estrogen levels vary from their nadirs at the early follicular phase (EFP) coinciding 

with menses, to its peak at the late follicular phase (LFP) just prior ovulation (Janse de 

Jonge, 2003). After that, estrogen levels fall but moderately rise later in the mid-luteal 

phase (MLP), when progesterone levels reaches its peak (Janse de Jonge, 2003). Thus, 

such fluctuations should be considered when premenopausal women are evaluated 

(Bruinvels et al., 2017). 

According to previous research evaluating muscle damage on premenopausal female 

participants, lower myoglobin or CK responses during high-estrogen phases have been 

observed (Anderson et al., 2017; Hackney et al., 2019; Oosthuyse & Bosch, 2017; 

Williams et al., 2015). This has been attributed to the presence of estrogen in myofibrils, 

which may mitigate mechanical damage to muscle fiber membranes; therefore, reducing 

the release of such proteins into the blood stream, and downregulating inflammation-

enhancing genes (Anderson et al., 2017; Hackney et al., 2019; Oosthuyse & Bosch, 2017; 

Williams et al., 2015). In contrast, the lack of differences in muscle damage markers 

between phases observed in other studies (Chaffin et al., 2011; Sipavičienė et al., 2013) 

have been related to the fact that estrogen concentrations may not differ enough between 

phases to provide protective musculoskeletal benefits, being therefore estrogen 

concentration during menses sufficient to offer protection against muscle damage 

(Chaffin et al., 2011). Further possible reasons of lacking differences could be the 

individual variation in estrogen concentration between participants or their training status 

(Chaffin et al., 2011). Nonetheless, most of female studies assessing EIMD only 

evaluated one phase of the menstrual cycle due to pursuing different aims such as: 

comparing eumenorrheic women to OC users (Hicks, Onambele-Pearson, et al., 2017; 
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Minahan et al., 2015), comparing female to male responses (Hicks et al., 2016; Joyce et 

al., 2014; Minahan et al., 2015), observing responses after different protocols (Brown et 

al., 2016) or evaluating the repeated bout effect (Nikolaidis et al., 2008; Stupka et al., 

2000). Therefore, the most important aspect affecting the results from previous studies 

could be the underrepresentation of the entire MC (Janse de Jonge, 2003), in most cases 

followed by an incomplete methodology to verify the MC phases (Janse de Jonge et al., 

2019). On the basis of these controversial findings, the purpose of this study was to 

evaluate whether the MC and the underlying hormonal changes influence blood markers 

of muscle damage and inflammation, following an eccentric squat-based workout. The 

squat exercise was chosen considering that it is a functionally relevant movement and a 

commonly used exercise. Hence, despite being performed in laboratory conditions it 

could reflect a lifelike training in well-trained females. We hypothesized that muscle 

damage and inflammation markers present a more pronounced response when 

concentrations of sex steroid hormones are lower, as in the EFP. 

 

MATERIALS AND METHODS 

Subjects.  

Nineteen well-trained eumenorrheic women (age 28.6±5.9 y, height 163.4±6.1 cm, body 

mass 59.6±5.8 kg, fat mass 14.8±5.1 kg, fat free mass 42.6±3.1 kg, and bone mineral 

content 2.6±0.3 kg bone mineral content) volunteered to participate in this study. Subjects 

were recruited by means of diverse advertisements published in social media and regional 

sport competitions from July 2017 to the end of the study. The applicants were filtered 

through an initial online questionnaire previously fulfilled with personal information and 

training experience in order to evaluate the following eligibility criteria: (a) to be between 
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20–40 years old and (b) to be resistance-trained. All participants self-reported their 

experience in resistance training -completing resistance workouts of about 60±20 

minutes, 3±1 times per week, during 5.5±4.9 years- and they were also involved in other 

sport activities. The exclusion criteria included: (a) irregular MC; (b) use of 

contraceptives in the six months preceding the study, (c) any existing disease and/or 

metabolic or hormonal disorder; (d) any musculoskeletal injury in the last six months; (e) 

any surgical interventions (i.e., ovariectomy) or other medical conditions that would be 

exacerbated by an eccentric resistance exercise protocol; (f) the regular use of medication 

or dietary supplements that could affect the results; (g) pregnancies in the year preceding; 

(h) smoking. In order to calculate sample size, the previous results from the study by 

Sipavičienė et. al (Sipavičienė et al., 2013) were used, which evaluated the main variable 

of the study (CK) in two different mc phases (EFP and LFP). Taking these data as 

reference, GPOWER software (GPOWER Version 2, Department of Psychology, Bonn 

University, Bonn, Germany) was used to perform the analysis, suggesting a sample size 

of 19 to produce a statistical power of 0.80 with an effect size of 0.75 at a significance 

level of p < 0.05. The study consisted of a resistance-based eccentric protocol performed 

in the three aforementioned MC phases (EFP, LFP and MLP) which were adequately 

randomized and counter-balanced. All procedures complied with the Declaration of 

Helsinki and the study was approved by the research ethics committee of the Universidad 

Politécnica de Madrid. A written informed consent was obtained from each participant. 

 

Menstrual Cycle Phase Determination.  

Eumenorrheic MCs were defined as regularly occurring MCs ranging from 24 to 35 days 

in length (Lebrun et al., 1995) in the preceding ≥6 months. Participants confirmed their 
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regular MCs by providing a retrospective recording of their last six MCs’ length—with 

the onset of menses considered as the start of the cycle. Following this information, a 

gynecologist determined the individual’s different cycle phases and their average phase 

length, and prospectively estimated the following cycle. To adequately arrange the trials 

in the different cycle phases, a home urine-based test (Ellatest, Alicante, Spain) was used 

to detect urine luteinizing hormone (LH). This is a reliable method of predicting ovulation 

(Miller & Soules, 1996) by detecting the LH surge and the subsequent ovulation naturally 

occurring within the 14-26 hours (Janse de Jonge, 2003). The morning mid-stream urine 

sample was collected on a daily basis in the three to five days prior to the expected 

ovulation date, previously estimated by the gynecologist, until LH surge confirmation. 

Finally, to correctly verify menstrual cycle phases (Janse de Jonge et al., 2019), blood 

samples were collected for the determination of 17-ß estradiol, progesterone, FSH and 

LH in each phase to confirm that the participants were performing the tests in the correct 

MC phase. In this regard, ovulation was confidently assured when the minimum 

conservative limit of 16 nmol/L (4.61 ng/mL) of post-ovulatory progesterone was 

accomplished (Janse de Jonge, 2003; Janse de Jonge et al., 2019). 

 

Screening Protocol  

Participants visited the laboratory within days 2 to 5 of their first menstrual bleeding, at 

the EFP. In this screening session, blood samples were collected to discard the possibility 

of an existing disorder. Subsequently, participants’ body composition was analyzed via a 

Dual-Energy X-ray Absorptiometry (DEXA) scanner (GE Lunar Prodigy apparatus, GE 

Healthcare, Madison, WI, USA) using the GE Encore 2002 software (v 6.10.029). This 

screening session concluded with a strength assessment of the lower limbs through a 1RM 

test for the parallel back-squat exercise using a plate-loaded barbell. The 1RM was 
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calculated using an iPhone 6S (Apple Inc., Cupertino, CA, USA) and the Powerlift App 

(Balsalobre-Fernández et al., 2017). Full range of motion for the lift was always recorded 

by the same researcher using the Powerlift App (Balsalobre-Fernández et al., 2017), with 

a recording frequency of 240 frames per second. Then, the beginning and the end of the 

lift was chosen, and the app provided the estimated the 1RM load. According to the 

manufacturer, these procedures require manual selection by the researcher; thus, two 

independent observers analyzed the same videos. High interobserver agreement has been 

shown in previous validation studies (ICC>0.9) (Balsalobre-Fernández et al., 2018). 

 

Eccentric-Exercise Sessions  

Participants repeated the same workout on three occasions according to the EFP, LFP and 

MLP of the MC, as these phases present the most pronounced fluctuations in sex 

hormones (Janse de Jonge, 2003) (Figure 15). After a 5-min cycle-ergometer warm-up 

and some mobility and dynamic stretching exercises, the 1RM for the back-squat exercise 

was calculated in each session by performing a quick test with the Powerlift App based 

on the full test previously performed in the screening session. The eccentric-based 

protocol, which was previously used with resistance-trained males, was carried out in the 

3±1 days, 12±3 days and 22±3 days of the MC, respectively, for the EFP, LFP and MLP 

(Figure 15). 
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Figure 15. Eccentric-based muscle damaging protocol performed in the EFP, LFP and MLP of the 
MC. EFP: early follicular phase, LFP: late follicular phase, MLP: mid-luteal phase. LH: luteinizing 
hormone, FSH: follicle stimulating hormone. 

 

It consisted of 10 sets of 10 reps of plate-loaded barbell parallel back squats, at 60% of 

their 1RM, with 2 min of rest between sets. Squats were performed at a tempo of 4-s 

eccentric movement, 1-s pause at the bottom, 1-s concentric movement, and a 1-s pause 

at the top of the lift to focus on the eccentric phase of the lift for greater muscle damage 

(Macdonald et al., 2014). The tempo was controlled using an interval timer, with the 

investigator signaling the changes in the lifting phase and giving verbal encouragement. 

Blood samples were obtained prior to exercise and at 2 h, 24 h and 48 h post-exercise to 

analyze muscle damage and inflammation markers: CK, myoglobin, LDH, CRP, TNF-α, 

IL-6, AST and ALT. 

Blood Sampling and Biochemical Analysis 

All blood samples were obtained by venipuncture into a vacutainer containing clot 

activator. Following inversion and clotting, the blood sample was centrifuged (Biosan 
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LMC-3000 version V.5AD, Riga, Latvia) for ten minutes at 3000 rpm and transferred 

into Eppendorf tubes and stored frozen at -80ºC until further analysis. Follicle stimulating 

hormone (FSH), LH, progesterone, 17β estradiol and IL-6 were measured with a COBAS 

E411 (Roche Diagnostics, GmbH, Mannheim, Germany), using 

electrochemiluminescence immunoassay (ECLIA) technology. TNF-a was measured 

with an IMMULITE 1000 system (Siemens Healthineers AG, Munich, Germany) using 

chemiluminescent enzymatic immunoassay. Finally, CK, myoglobin, LDH, CRP, ALT 

and AST were analyzed in a Beckman AU400 Clinical Biochemistry analyzer (Beckman 

Coulter Inc., Brea, CA, USA). Reactive was calibrated following internal laboratory 

calibration protocols, and controls were assessed after calibration. Inter- and intra-assay 

coefficients of variation (CV) were 5.3% and 1.8% at 1.2 mIU/mL for FSH; 5.2% and 

1.8% at 0.5 mIU/mL for LH; 11.9% and 8.5% at 93.3 pg/mL and 6.8% and 4.7% at 166 

pg/mL for 17- ß estradiol; 23.1% and 11.8% at 0.7 ng/mL and 5.2% and 2.5% at 9.48 

ng/mL for progesterone, 3.2% and 1.0 at 270 U/L for CK, 4.2% and 2.9% at 45.2 µg/L 

for myoglobin, 1.5% and 1.1% at 157 U/L for LDH, 8.5% and 6.0% at 17.3 pg/ml for IL-

6, 6.5% at 17 pg/ml and 3.5% at 34 pg/ml for TNF-a, and 6.4% and 4.3% at 0.21 mg/l 

for CRP. 

 

Statistical Analysis 

Data are presented as mean ± SD. Statistical analyses were conducted using the software 

package SPSS for Windows, version 25.0 (IBM Corp, Armonk, NY). A Saphiro-Wilk 

test for normality was used. To analyze hormone concentrations and 1RM in each of the 

three phases, a one-way ANOVA was performed. To explore our objective, a mixed linear 

model was performed to analyze the repeated measures, setting phase and time as the 
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fixed effects and subjects as the random effect. Where appropriate, the Bonferroni post 

hoc test was applied to examine pairwise comparisons for each significant factor. Finally, 

estimated magnitudes of difference in means and their 95% CL were calculated and 

presented in standardized units, and were evaluated qualitatively with the following scale: 

trivial, 0–0.2; small, 0.2–0.6; moderate, 0.6–1.2; large, 1.2–2.0; and very large, >2.0 

(Hopkins et al., 2009). Significance level was set at p<0.05. 

RESULTS 

Sex Hormones and Strength Assessment 

Results for the hormonal analysis confirmed that the trials were performed in the correct 

menstrual cycle phases. A significant effect of menstrual cycle phase was observed for 

17β–estradiol (38.2±32.1, 185.1±173.9 and 156.1±91.5 pg/mL), progesterone (0.3±0.1, 

0.4±0.7 and 10.1±3.9 ng/mL), FSH (7.1±2.5, 6.1±2.9 and 3.1±1.2 mUI/mL) (p<0.001 for 

all variables), and LH (6.0±1.9, 11.9±10.3 and 4.4±2.4 mUI/mL; p=0.008), respectively 

for the EFP, LFP and MLP. Results for the 1RM were 75.9±16.8 kg, 75.5±17.4 kg and 

76.0±16.8 kg for EFP, LFP and MLP, respectively, and reported no differences between 

phases (p>0.05). 

 

Muscle Damage 

Muscle damage markers results and pairwise comparisons are shown in Table 5. Results 

showed no effect of MC phase in CK (133.8±12.1, 146.7±12.1 and 138.1±12.1 U∙L-1) 

myoglobin (73.2±2.9, 79.6±3.7 and 74.1±2.8 µ∙L-1), LDH (170.9±3.1, 169.3±4.6 and 

170.5±3.1 U∙L-1) and AST (22.4±1.0, 23.2±1.1 and 23.3±0.9 U∙L-1) respectively for the 
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EFP, LFP and MLP (p>0.05 for all variables). The analysis of ES revealed low results 

when comparing MC phases (Figure 16). In contrast, a trend for menstrual cycle phase 

was observed for ALT, (16.3±1.0, 17.3±0.9 and 23.7±0.9 Ui/L; F2,49 = 3.067; p=0.056) 

indicating that in the LFP, ALT values were almost higher than in MLP (p=0.068), but 

ES was not meaningful (Figure 16). No significant interaction between time and MC 

phase was observed for all these markers and the ES was negligible (data not shown).  

 

Table 5. Blood markers of muscle damage and inflammation throughout the MC following an 
eccentric-based resistance exercise. Data expressed as mean (SD). 

 EFP LFP MLP TOTAL 
CK (U·L-1) 

Baseline 108.6 (48.0) 105.7 (33.1) 100.7 (29.9) 105.0 (37.3) 
2 h 151.6 (70.0) 155.1 (44.9) 150.6 (43.8)  152.4 * (53.3) 
24 h 154.1 (69.3) 195.5 (95.3) 172.1 (85.8)  173.9 a (84.4) 
48 h 117.3 (40.1) 130.6 (47.7) 128.8 (49.5)   125.6 a,c (45.5) 
Total 132.9 (60.7) 146.7 (67.7) 138.1 (61.1)   

Myoglobin (µg∙L-1) 
Baseline 62.8 (8.2) 60.4 (7.2) 60.1 (10.6) 61.1 (8.9) 

2 h 105.5 (43.9) 129.1 (56.3) 107.9 (41.2)  115.0 ** (48.7) 
24 h 64.5 (9.6) 64.9 (7.9) 66.1 (10.7) 65.2 (9.6) 
48 h 59.8 (7.4) 63.8 (9.0) 62.2 (8.1) 61.9 (8.5) 
Total 73.2 (30.0) 79.6 (41.0) 74.1 (30.1)   

LDH (U∙L-1) 
Baseline 166.5 (14.7) 164.3 (22.6) 163.9 (13.4) 164.9 (17.4) 

2 h 187.1 (20.3) 181.5 (26.8) 184.4 (16.3)   184.3 ** (21.3) 
24 h 166.2 (15.9) 170.2 (23.9) 165.7 (17.4) 167.4 (19.1) 
48 h 163.8 (16.5) 161.4 (16.2) 167.9 (16.9) 164.4 (16.5) 
Total 170.9 (19.1) 169.3 (23.6) 170.7 (18.9)   

IL-6 (pg/mL) 
Baseline 1.7 (0.7) 1.7 (0.5) 1.6 (0.3) 1.7 (0.6) 

2 h 1.8 (0.7) 1.7 (0.6) 2.0 (1.3) 1.9 (0.9) 
24 h 1.6 (0.2) 1.7 (0.7) 1.5 (0.0)  1.6 b (0.4) 
48 h 1.6 (0.5) 1.9 (0.7) 1.5 (0.1) 1.7 (0.4) 
Total 1.7 (0.5) 1.7 (0.6) 1.7 (0.7)   

TNF-a (pg/mL) 
Baseline 4.9 (1.1) 5.3 (1.9) 4.9 (2.0) 5.0 (1.7) 

2 h 5.2 (1.4) 5.3 (1.6) 4.9 (1.4) 5.2 (1.5) 
24 h 4.8 (1.4) 4.8 (1.0) 4.6 (0.9)   4.7 ## (1.1) 
48 h 4.5 (0.9) 4.6 (0.9) 4.7 (1.2) 4.6 (1.0) 
Total 4.8 (1.2) 5.0 (1.4) 4.8 (1.4)   
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CRP (mg/L) 
Baseline 0.6 (0.3) 0.6 (0.3) 0.5 (0.3) 0.5 (0.3) 

2 h 0.5 (0.3) 0.5 (0.3) 0.5 (0.3) 0.5 (0.3) 
24 h 0.6 (0.4) 0.5 (0.3) 0.5 (0.3)   0.5 ## (0.3) 
48 h 0.5 (0.3) 0.5 (0.3) 0.5 (0.3)   0.5 b,# (0.3) 
Total 0.5 (0.4) 0.5 (0.3) 0.5 (0.3)   

AST (Ui/L) 
Baseline 21.2 (4.4) 21.8 (5.0) 22.6 (5.1) 21.8 (4.8) 

2 h 22.8 (4.2) 23.4 (4.7) 23.8 (4.2)  23.4 a  (4.3) 
24 h 23.1 (4.7) 24.3 (5.1) 23.8 (4.0)  23.7 a  (4.6) 
48 h 22.4 (5.2) 23.3 (5.4) 22.8 (4.6) 22.8 (5.0) 
Total 22.4 (4.6) 23.2 (5.0) 23.3 (4.5)   

ALT (Ui/L) 
Baseline 16.0 (4.5) 16.8 (5.5) 14.7 (4.9) 15.8 (5.1) 

2 h 16.3 (4.4) 17.3 (5.4) 15.6 (4.1) 16.4 (4.7) 
24 h 16.4 (4.5) 17.4 (5.3) 15.8 (3.9) 16.6 (4.6) 
48 h 16.4 (5.1) 17.5 (5.9) 15.9 (4.4) 16.6 (5.1) 
Total 16.3 (4.5) 17.3 (5.4)  15.5 § (4.4)   

EFP: early follicular phase, LFP: late follicular phase, MLP: mid-luteal phase, CK: 
creatine kinase. LDH: lactate dehydrogenase; IL-6: interleukin-6; TNF-a: tumor necrosis 
factor; CRP: C-reactive protein; AST: aspartate aminotransferase; ALT: alanine 
aminotransferase; * Different from the rest of time-points (p<0.05); ** Different from the 
rest of time points (p<0.001); a Different from pre-trial (p<0.05); b Different from 2 h post-
exercise (p<0.05). c Different from 24 h post-exercise; (p<0.05). # Trend is different from 
pre-trial (p=0.059); ## Trend is different from 2 h (p=0.064 and p=0.084, respectively, for 
TNF- α and CRP); § Trend is different from LFP (p=0.068). 
 
 
Finally, a significant effect of time (p<0.001 for all variables) was observed in CK 

(105.0±6.2, 152.4±10.6, 173.8±16.9 and 125.6±9.0 U∙L-1; F3,161=37.543), myoglobin 

(61.1±1.5, 114.2±9.0, 65.2±1.7 and 61.9±1.4 µ∙L-1; F3,150=63.747), LDH (164.9±3.4, 

184.3±4.1, 167.3±3.6 and 164.4±3.3 U∙L-1; F3,154=33.883) and AST (21.8±0.9, 

23.4±1.2, 23.7±0.9 and 22.8±1.1 Ui/L; F3,162=6.514), respectively at pre-trial, 0 h, 24 h 

and 48 h, supported by the ES (Figure 17A and 17B). No effect of time was observed for 

ALT (21.8±1.0, 23.4±0.9, 23.7±0.9 and 22.8±1.1 Ui/L; p<0.05). 
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Figure 16. Standardized mean differences (ES) and  CLs in muscle damage and 
inflammation markers among menstrual cycle phases. EFP: early follicular 
phase, LFP: late follicular phase, MLP: mid-luteal phase. CK: creatine kinase, 
LDH: lactate dehydrogenase, AST: aspartate aminotransferase, ALT: alanine 
aminotransferase, IL-6: interleukin-6, TNF-a: tumor necrosis factor a, CRP: C-
reactive protein. 

 

Figure 17. Standardized mean differences (ES) and CLs in muscle damage and inflammation 
markers among time-point measurements. (A)CK, myoglobin and LDH; (B)AST and ALT; 
(C)IL-6, TNF-a and CRP; EFP: early follicular phase, LFP: late follicular phase, MLP: 
mid-luteal phase. CK: creatine kinase, LDH: lactate dehydrogenase, AST: aspartate 
aminotransferase, ALT: alanine aminotransferase, IL-6: interleukin-6, TNF-a: tumor 
necrosis factor a, CRP: C-reactive protein. 

 

 



Study III 

 
119 

Inflammation 

Regarding inflammation markers, results are also presented in Table 5. Results showed 

no effect of MC phase in IL-6 (1.7±0.4, 1.8±0.5 and 1.7±0.4 pg/mL), TNF-α (4.8±0.9, 

5.0±1.2 and 4.8±1.2 pg/mL) or CRP (0.52±0.07, 0.54±0.06 and 0.47±0.06 mg/L), 

respectively for the EFP, LFP and MLP (p>0.05 for all variables); while the ES was low 

for MC phase-effects (Figure 16). An interaction between time and MC phase 

(F6,150=2.192; p=0.047) was observed for IL6. Accordingly, a moderate ES indicated 

that only in the MLP were 2 h post-exercise values higher than pre-trial [0.68 (0.53)], 24 

h [0.84 (0.74)] and 48 h [0.75 (0.75)]. This effect was not observed in the EFP and LFP. 

No interaction or meaningful ES was observed between time and MC phase for CRP and 

TNF-a (data not shown). A significant effect of time for IL-6 (1.7±0.4, 1.9±0.7, 1.6±0.3 

and 1.7±0.3 pg/mL; F3,154=2.955; p=0.034), TNF-a (5.0±1.3, 5.2±1.1, 4.7±0.9 and 

4.6±0.9 pg/mL; F3,156=3.958; p=0.009) and CRP (0.53±0.06, 0.51±0.06, 0.54±0.07 and 

0.47±0.06 mg/L; F3,159=2.759; p=0.044) was obtained for pre-trial, 0 h, 24 h and 48 h, 

respectively. A moderate ES indicated that TNF-a concentrations at 2 h seemed to be 

higher in comparison to 48 h (Figure 17C). 

DISCUSSION 

The major finding of this study is that the hormonal environment throughout the different 

menstrual cycle phases did not affect blood markers of muscle damage and inflammation. 

The only variable showing a possible exercise-induced inflammatory response was IL-6 

in the MLP; although this finding should be taken with caution. This workout based on 

eccentric squats elicited muscle damage, as could be observed from post-exercise 

concentrations of CK, myoglobin and LDH. In addition, in a previous study conducted 
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by our laboratory, high post-exercise muscle soreness was also observed in the same 

sample following an identical exercise protocol (unpublished data). However, this 

exercise-induced damaging exercise was not strenuous enough to trigger inflammation. 

This lack of menstrual cycle phase differences in blood markers of muscle damage is 

potentially due to the fact that our participants were well-trained in resistance training 

(Hyldahl et al., 2017). This is in agreement with a previous study which also obtained no 

differences between the EFP and LFP in serum CK following a drop jump protocol 

(Sipavičienė et al., 2013). They indicated that previous exposures to eccentric exercise 

can influence the CK response, suggesting that CK concentration is an unreliable marker 

of muscle damage in training studies where the same muscle groups are exercised in a 

subsequent session (Kamandulis et al., 2011). Another possible explanation could be the 

high variability in the response to a muscle-damaging exercise. This is associated with 

the presence of some polymorphisms present in genes encoding for the myofibrillar 

proteins a-actinin 3 and myosin light chain kinase, which influence CK and myoglobin 

responses [28]. Altogether, this might indicate that higher estrogen concentrations during 

LFP and MLP may not provide extra protection against muscle damage in comparison to 

the EFP as the literature suggests (Chaffin et al., 2011; Enns & Tiidus, 2010; Janse de 

Jonge, 2003; Kendall & Eston, 2002). 

Regarding the effect of menstrual cycle phase on inflammation response, IL-6 values 

seem to be higher 2 h post-exercise than at the other time-points, hence indicating a likely 

inflammatory response to exercise, only observed in the MLP. In fact, from some 

previous studies indicating that estrogen has a role in the regulation of 

immunocompetence (Abbasi et al., 2016; Fish, 2008; Northoff et al., 2008; Timmons et 

al., 2005), most of them reported an upregulated pro-inflammatory response to exercise 
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in the luteal phase in comparison to the mid/late follicular phases (Northoff et al., 2008; 

Timmons et al., 2005). However, it may possible that these gene expression changes in 

response to exercise, may represent a swift return to baseline from a highly anti-

inflammatory state at rest, as opposed to presenting a truly pro-inflammatory response. 

Another possible reason may be the presence of progesterone during the MLP which may 

interact with certain estrogen-protective responses, resulting in an increase in 

inflammation. This interaction between estrogen and progesterone has been observed in 

other endocrine responses (Oosthuyse & Bosch, 2010). Interestingly, the increase in IL-

6 at 2 h in the MLP was not preceded by an increase in TNF-a. Therefore, such an increase 

in IL-6 might be not attributed to the inflammatory response but to the endocrine role of 

muscle, which enhances IL-6 concentrations after glycogen depletion during exercise 

(Chaffin et al., 2011). However, on the basis of IL-6 as a myokine, the highest IL-6 

concentrations have particularly been observed at the cessation or 30-min post exercise 

(Pedersen & Febbraio, 2008; Pedersen & Fischer, 2007). In addition, it should be taken 

into consideration that TNF-a rarely increases in response to exercise, except for highly 

strenuous prolonged efforts such as marathons (Pedersen, 2017). Thus, the potential role 

of IL-6 as a myokine could be doubtful, with the data indicating a more likely 

inflammatory role. 

Another factor possibly involved in IL-6 changes may be the modality of exercise. A 

previous study obtained higher values of IL-6 in the mid-follicular phase in comparison 

to the MLP after a continuous running protocol (Hackney et al., 2019), while a different 

study obtained no differences between the EFP and the MLP following a running protocol 

(Chaffin et al., 2011). As such, more research is needed to clarify whether different 

exercise modalities could facilitate different increases in IL-6 in relation to menstrual 
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cycle phase. In line with that, our lacking time-differences in IL-6 concentration between 

pre-trial and 2 h could be also due to the exercise modality. In the present exercise 

protocol, stimulus duration as well as the muscle mass involved in the exercise may be 

insufficient to increase IL-6 from pre-trial levels (Chaffin et al., 2011). This has been 

demonstrated following aerobic protocols (Pedersen, 2017) which are generally long-

lasting and involve larger muscle groups. In fact, our findings revealed that IL-6 and TNF-

a concentrations decreased after 24 h in comparison to 2 h independent of the phase 

studied. This, however, is unlikely to be associated with exercise due to the 

aforementioned absence of differences between pre-trial and 2 h measurements. 

Interestingly, despite the lacking inflammatory effect reported, a remarkably moderate 

effect might suggest reductions in TNF-a at 48 h in comparison to 2 h which could be in 

agreement with some of the anti-inflammatory effects of exercise, as indicated in the 

literature (Pedersen, 2017). 

Lastly, menstrual cycle phases do not seem to affect AST and ALT; however, it is 

challenging to discuss this finding due to the lack of literature evaluating these enzymes 

during the various menstrual cycle phases. Interestingly, our ALT values appear to be 

higher in the LFP for all time-points. Although ALT is mainly located in the liver, alanine 

synthesis also occurs in the muscle (Liu et al., 2014). Then, according to these results, 

participants’ higher estrogen concentrations during the LFP may predispose participants’ 

muscle tissue to release this enzyme as a consequence of muscle injury due to an exercise 

overload. However, our values are within normative values and do not appear to be 

indicative of muscle injury. In fact, ALT increases have been reported following extreme 

physical exertion such as Thai boxing or ultramarathons (Liu et al., 2014), so it is very 

unlikely that our squat-based protocol elicited such a response. It has also been suggested 
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that pro-inflammatory cytokines may exert a catabolic effect on muscle, which would 

facilitate the increase of ALT (Bekkelund & Jorde, 2019). Thus, the higher ALT 

concentration in the LFP would agree with some results that suggest the lack of estrogen’s 

protective effect, but further investigation is warranted. On the contrary, the AST 

response was not affected by menstrual cycle phases but increased in post-exercise 

measurements, which is in accordance with previous female studies (Pal et al., 2018; 

Wang et al., 2019). 

To the best of our knowledge, this is the first study to investigate muscle damage and 

inflammation responses induced by an eccentric exercise focused on squats, in the same 

group of participants, and considering the menstrual cycle phases with the most 

pronounced changes in hormonal concentrations. As far as we are concerned, the current 

study presents an adequate methodology to verify menstrual cycle phases: hormonal 

analysis, calendar counting and LH confirmation via urine-based tests. Intriguingly, 

despite being a robust methodology, and a gynecologist confirmed the regularity of 

participants’ menstrual cycles, individual variation in muscle damage and inflammation 

markers was typically highly variable. This may be a confounding factor to observe 

differences between menstrual cycle phases and the results should be taken cautiously. 

Additionally, the choice of the exercise protocol may have also been troublesome to elicit 

noteworthy differences between menstrual cycle phases. Despite this squat-based 

workout –that could be incorporated into regular female athletes— was previously 

performed to elicit muscle damage (Macdonald et al., 2014), it barely triggered muscle 

damage, and hence, inflammation response in our sample. The training status of our well-

trained participants may have affected exercise-induced muscle damage development. 

Finally, as a result of this design, previous studies in the literature are not entirely 

comparable to ours and it could also be considered as a limitation. However, despite the 
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aforementioned drawbacks the findings provided by this study could contribute to 

elucidate the lacking influence of sex hormones on muscle damage and inflammation, 

following a squat-based workout potentially usable by coaches on a regular basis.  

 

CONCLUSIONS 

In conclusion, no differences between menstrual cycle phases are observed in blood 

markers of muscle damage and inflammation following a resistance training focused on 

eccentric squats. The only phase to report a possible inflammation-related pattern in terms 

of IL-6 was the MLP. However, the lack of differences in estrogen between the LFP and 

the MLP make it difficult to relate this finding to the lack of estrogen’s protective effect. 

Further research should focus on homogenizing phases measured and verification in order 

to properly clarify the influence of hormonal status on blood markers of muscle damage 

and inflammation. 
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ABSTRACT 

Purpose: To evaluate the influence of the active pill phase versus withdrawal phase of a 

monophasic oral contraceptive (OC) cycle on exercise-induced muscle damage and 

inflammation following eccentric resistance exercise. 

Methods: Eighteen resistance-trained female OC users (age: 25.6±4.2 years, height: 

162.4±5.0 cm, body mass: 58.1±5.7 kg) performed an eccentric squat-based exercise 

during the active pill phase and withdrawal phase of their OC cycle. Muscle soreness, 

counter movement jump (CMJ) and blood markers of muscle damage and inflammation 

were evaluated prior to and post-exercise (0h, 2h, 24h, and 48h). 

Results: Creatine kinase (CK) values were higher in the withdrawal (181.8±89.8 U∙L-1) 

than in the active pill phase (144.0±39.7 U∙L-1) (p<0.001). The highest CK concentrations 

and muscle soreness values were observed 24 h post-exercise (217.9±117.5 U∙L-1 and 

44.7±19.7, respectively) compared to baseline (115.3±37.4 U∙L-1 and 4.4±9.2, respectively; 

p<0.001). In addition, a decrease in CMJ immediately post-exercise (20.23±4.6 cm) was 

observed in comparison to baseline (24.2±6.1 cm), which was not yet recovered 24 h post-

exercise (21.9±5.9 cm; p<0.001). No other phase or time effects were observed. 

Conclusion: An eccentric squat-based exercise session elicits muscle damage but no 

inflammation response in resistance-trained females. Furthermore, the highest CK 

concentrations observed in the withdrawal phase suggest that this phase might be more 

vulnerable to muscle damage, and therefore, less adequate to administer high training 

loads. However, the lack of differences in other muscle damage variables between OC 

phases do not warrant any guidance on active pill versus withdrawal phase. 

 

Keywords: sex hormones, contraception, creatine kinase, inflammation, muscle soreness 
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INTRODUCTION 

OCs are traditionally used for birth control or cycle control purposes by eliminating 

circamensal changes in female hormones occurring during the eumenorrheic menstrual 

cycle (Constantini et al., 2005). The exogenous hormones provided by OCs trigger 

negative feedback on the hypothalamus-pituitary axis that inhibits the gonadotropin surge 

(Elliott-Sale et al., 2013; Rechichi et al., 2009). As a result, downregulation of the 

endogenous steroid hormones estrogen and progesterone takes place and ovulation is 

avoided(Elliott-Sale et al., 2013; Rechichi et al., 2009). The most commonly used OCs 

provide a daily dosage of synthetic estrogen (i.e. ethinylestradiol) and progestogen for 21 

pill consumption days (active pill phase), preceded by 7 pill free or inactive pill days 

(withdrawal phase). During this withdrawal phase, endogenous progesterone levels stay 

suppressed but endogenous estrogen concentrations may rise, and withdrawal-related 

bleeding usually occurs (Rechichi et al., 2009). 

 

OCs are used to alleviate the side effects and disturbances derived from the hormonal 

fluctuations during the menstrual cycle (Schaumberg et al., 2018). These disturbances 

may include heavy menstrual bleeding, iron deficiency, dysmenorrhea (Daley, 2008), and 

pre-menstrual syndrome-related symptoms like fluid retention, weight gain or emotional 

changes that could compromise performance (Constantini et al., 2005; Foster et al., 2019). 

In addition, female athletes use OCs to manipulate the timing of the aforementioned 

withdrawal bleeding (Elliott-Sale et al., 2020). However, despite the positive aspects in 

terms of reducing side effects of the menstrual cycle, OC use might slightly impair 

exercise performance when compared to non-use. Nonetheless, this impairment in OC 
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users in comparison to naturally menstruating women is not entirely warranted so far with 

the existent evidence (Elliott-Sale et al., 2020). 

It has been suggested that estrogen (both endogenous and exogenous) may have a 

protective effect against EIMD (Dieli-Conwright et al., 2009; Enns & Tiidus, 2010).  

Most research to date has compared OC users as the control group, due to their more 

stable hormonal environment in comparison to the fluctuating hormone levels 

experienced by eumenorrheic women during the menstrual cycle (Elliott-Sale et al., 2013; 

Sims & Heather, 2018). Several of these studies on EIMD have shown higher levels of 

CK in OC users compared to females with menstrual cycle, while one study showed no 

difference between groups and one reported lower CK in OC users (Schaumberg et al., 

2017; Thompson et al., 2019). This inconclusiveness regarding the influence of OCs on 

EIMD is due to differences in factors such as: study design, timing of testing, exercise 

protocols, reproductive age of participants,  training status, and methodology to monitor 

and verify sex hormones (Thompson et al., 2019). However, due to most of the research 

to date on EIMD was focused on comparing OC users and eumenorrheic females, most 

of studies have only evaluated muscle damage in OC users at one time point in either the 

active pill phase (Foster et al., 2019; Minahan et al., 2015; Savage & Clarkson, 2002) or 

in the withdrawal phase (Anderson et al., 2017; Hicks, Onambélé-Pearson, et al., 2017; 

Thompson et al., 1997). A recent review has shown no differences between OC 

consumption and withdrawal suggesting the prevailing effect of endogenous hormonal 

profile than the supplementation of exogenous hormones (Elliott-Sale et al., 2020). In line 

with this results, no difference in jump performance or in interleukin-6 (IL-6) were 

observed between the aforementioned OC phases (Bell et al., 2011; Sim et al., 2015), 

although these studies were not aimed to evaluate EIMD and inflammation. Hence, time-
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point measurements and exercise protocols were not suitable to examine these responses. 

In conclusion, the current research presents conflicting findings and has not thoroughly 

addressed the potential influence of different hormonal environments during the OC cycle 

on EIMD and inflammation. Therefore, the aim of this study was to elucidate the 

influence of active pill phase versus withdrawal phase on EIMD and inflammation 

markers in response to an eccentric squat-based exercise session commonly used as part 

of a regular resistance training session.  We hypothesized that female hormonal 

environment over the OC cycle does not affect EIMD and inflammation.  

 

METHODS 

Experimental approach to the problem 

To examine the influence of oral contraceptive cycle phases on EIMD and inflammation, 

18 resistance-trained females, users of monophasic OC performed and eccentric exercise 

session in both the aforementioned OC cycle phases previously randomized and counter-

balanced. The exercise protocol consisted of 10x10 back squats with a plate-loaded 

barbell at 60% of their 1RM focused on the eccentric phase of the movement. Muscle 

soreness, counter movement jump (CMJ) and blood markers of muscle damage and 

inflammation were evaluated prior to and post-exercise (0h, 2h, 24h, and 48h). 

 
 

Subjects 

Eighteen healthy female users of monophasic OCs (age 25.6±4.2 y, height 162.4±5.0 cm, 

body mass 58.1±5.7 kg, fat mass 15.5±4.4 kg, fat free mass 40.1±3.1 kg, and bone mineral 

content 2.5±0.3 kg, measured as mean ± SD) were recruited to participate in this study. 
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All of them self-reported as being experienced in resistance training completing 3±1 

resistance exercise sessions per week of 60±20 min of duration, for 7±5 years. These 

resistance training sessions consisted of plate-barbell loaded exercises during CrossFit 

training and free-weight lifting in the gym. In addition, they performed other sports like 

football (n=3), triathlon (n=4), running (n=7), or other cardiovascular activities or 

workouts in the gym (n=4). All participants were taking OCs for at least six months 

preceding the study. All OC preparations included 21 daily exogenous hormone pills and 

7 daily placebo pills with no hormonal load (0 μg dose for both estradiol and progesterone 

during the withdrawal phase). The daily dose of ethinylestradiol during the active pill 

phase varied with the different brands as follows: 20μg (n=13), 30μg (n=3) and 35μg 

(n=2). The progestogen dosage varied as follows: 100μg of levonorgestrel (n=7), 250μg 

of norgestimate (n=1), 2000μg of dienogest (n=4) and 3000μg of drosperinone (n=6). The 

exclusion criteria included (a) any existing disease and/or metabolic or hormonal 

disorder; (b) any musculoskeletal injury in the last six months, (c) surgery interventions 

(i.e. ovariectomy) or other medical conditions that would be exacerbated by an eccentric 

resistance exercise protocol, (d) the use of medication or dietary supplements, (e) 

pregnancies in the year preceding or (f) smoking. All inclusion and exclusion criteria 

were determined through participant questionnaire prior to inclusion within this study. 

All participants signed written informed consent as approved by the ethics committee 

board at Universidad Politécnica de Madrid. All procedures complied with the 

Declaration of Helsinki.  
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Procedures 

Participants first visited the laboratory between days 3 to 7 of their withdrawal phase, in 

a rested and fasted state and blood samples were drawn in order to determine blood count, 

biochemistry and hormone concentrations. Subsequently, body composition was 

determined via Dual-Energy X-ray Absorptiometry (DEXA) scanner GE Lunar Prodigy 

apparatus by using the version 6.10.029 of GE Encore 2002 software (GE Healthcare, 

Madison, Wisconsin, USA). This screening session concluded with the estimation of the 

1 Repetition Maximum (1RM) for the parallel back squat exercise through the mean 

vertical barbell velocity (in m•s−1), computed as the range of motion  of the exercise 

divided by the time of the lift(Balsalobre-Fernández et al., 2017), by using Powerlift 

v.9.1.7 iOS app (Balsalobre-Fernández et al., 2017) installed on an iPhone 6s running iOS 

12.1.3 (Apple Inc., Cupertino, CA, USA) as described earlier (Romero-Parra, Alfaro-

Magallanes, et al., 2020; Romero-Parra, Barba-Moreno, et al., 2020). After the screening 

session, participants visited the laboratory on two further counter-balanced and 

randomized occasions according to their withdrawal and active pill phases (4±1 and 12±3 

days respectively, of a 28-day OC cycle) to perform an eccentric-based resistance exercise 

protocol (Figure 18). In this regard, 8 participants started the intervention in the 

withdrawal phase and 10 in the active pill phase. Resting days between the two testing 

sessions were 15±3 and 12±3 days, respectively for each order. Nonetheless, two 

participants from each order completed the second testing session in the following OC 

cycle due to some unexpected problems during data collection. 
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Figure 18. Eccentric-based resistance protocol consisting of 10x10 sets of back squats, 
performed in the two phases of an OC cycle. CMJ: countermovement jump. 

 

Participants were asked to refrain from any physical activity 48 hours prior to, during and 

48 h after eccentric exercise sessions. In addition, they were instructed to eat a 

standardized diet with three options equally distributed in macronutrients for breakfast, 

lunch/dinner and snacks. In addition, they were asked to avoid red meat, processed meat, 

salty-snacks, cold-meats, or plant-based alternatives in order to avoid inflammation 

(Schwedhelm et al., 2017). A 72-h dietary recall were collected to assess the dietary intake 

during testing and a weekly 3-day food dietary record form (two weekdays and one 

weekend day) was also collected during the intervention. Prior to exercise, blood samples 
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were drawn for the baseline analysis of follicle stimulating hormone (FSH), luteinizing 

hormone (LH), 17-ß estradiol, progesterone,  creatine kinase (CK), myoglobin, lactate 

dehydrogenase (LDH), C reactive Protein (CRP), interleukin-6 (IL-6), tumor necrosis 

factor a (TNF-a) (Figure 1). Subsequently, perceived muscle soreness was measured 

using a visual scale where participants rated the level of soreness in thighs and glutes 

from 0 mm (no pain at all) to 100 mm (unbearable pain) while performing a parallel 

unweighted squat. After a 5-min cycle-ergometer warm-up,  CMJ was recorded and 

subsequently processed with My Jump v.5.0.6 iOS app (Gallardo-Fuentes et al., 2016). 

Jump height is provided through the flight time calculated by identifying take-off and 

landing frames. After some mobility and dynamic stretching exercises, a more specific 

squat-based warm-up was performed with moderate loads (50-60% of the maximum 

value obtained during the screening session). The 1RM was estimated again in each 

session by performing a quick test with the Powerlift App based on the full test previously 

performed in the screening session. The eccentric exercise protocol consisted of 10 sets 

of 10 reps of plate-loaded barbell parallel back squats, at 60% of the 1RM measured in 

each eccentric exercise session, with 2 min of rest between sets (Macdonald et al., 2014). 

Squats tempo consisted of 4-s eccentric movement, 1-s pause at the bottom, 1-s concentric 

movement, and 1-s pause at the top of the lift. If participants were unable to complete a 

set or scored it as 10 on perceived exertion, the isometric pause was eliminated, and a 5% 

load reduction was applied. This reduction could be applied again once in subsequent 

series. In case that any extra adjustments were needed to complete the protocol, a higher 

recovery would have been granted between series. However, this last adjustment was not 

necessary in any phases. The 10x10 squat protocol was completed with a load around 33 

– 50 kg in both phases by all participants except one during the withdrawal phase. This 
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participant missed last set because of feeling unwell. In contrast, all participants 

completed the protocol during the active pill phase. During the withdrawal phase eight 

participants received a 5% reduction around set 6 and from these, 5% reductions were 

applied around sets 9 and 10 to four women. Finally, during the active pill phase, seven 

participants received a 5% reduction around set 6 and from these, 5% reductions were 

applied around sets 9 and 10 to two women. The rest of participants, 8 and 12 respectively 

for the withdrawal and active pill phases completed the protocol without any adjustments. 

CMJ was assessed immediately post-exercise (0 h) and blood samples were drawn 2 h 

post-exercise. Muscle soreness and CMJ measurements together with blood samples were 

also obtained 24 h and 48 h post-exercise. 

 

Blood Analysis 

All blood samples were obtained by venipuncture into a vacutainer containing clot 

activator, centrifuged (Biosan LMC-3000 version V.5AD, Riga, Latvia) for ten minutes 

at 3000 rpm and subsequently transferred into Eppendorf tubes and stored frozen at -80ºC 

until further analysis. FSH, LH, 17-ß estradiol, progesterone, and IL-6 were measured   

by electrochemiluminescence immunoassay technology (COBAS E411, Roche 

Diagnostics GmbH, Mannheim, Germany) while TNF-a was measured using 

chemiluminescent enzymatic immunoassay (IMMULITE 100, Siemens Healthineers AG 

Munich, Germany). CK, myoglobin, LDH, and CRP were analyzed in a Beckman AU400 

Clinical Biochemistry analyzer (Beckman Coulter Inc., Brea, California). Controls were 

measured after calibration and subsequently at each analysis batch. Inter- and intra-assay 

coefficients of variation (CV) were 5.3% and 1.8% at 1.2 mIU/mL for FSH; 5.2% and 

1.8% at 0.5 mIU/mL for LH; 11.9% and 8.5% at 93.3 pg/mL and 6.8% and 4.7% at 166 
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pg/mL for 17- ß estradiol; 23.1% and 11.8% at 0.7 ng/mL and 5.2% and 2.5% at 9.48 

ng/mL for progesterone, 3.2% and 1.0 at 270 U/L for CK, 4.2% and 2.9% at 45.2 µg/L 

for myoglobin, 1.5% and 1.1% at 157 U/L for LDH, 8.5% and 6.0% at 17.3 pg/ml for IL-

6, 6.5% at 17 pg/ml and 3.5% at 34 pg/ml for TNF-a, and 6.4% and 4.3% at 0.21 mg/l 

for CRP. 

 

Statistical Analysis 

Data are presented as mean (SD). The statistical analysis was conducted using the 

software package SPSS for Windows, version 25.0 (IBM Corp, Armonk, NY). Normality 

of data distribution was confirmed by using a Saphiro-Wilk test. To analyze hormones 

concentrations and 1RM in each of the two phases studied, a one-way repeated measures 

ANOVA was performed. To explore our objective, a mixed linear model was performed 

to analyze the repeated measures, OC phase (2) and time (3 or 4 depending on variable) 

as fixed effects and participants as random effect. Where appropriate, Bonferroni post 

hoc tests were applied to examine pairwise comparisons of each significant factor. 

Finally, to explore the clinical relevance of findings, estimated magnitudes of difference 

in means and their 95% CLs were calculated by using the appropriate excel spreadsheets 

(Hopkins, 2017), and presented in standardized Cohen’s d units. The ES was interpreted 

based on the following criteria: <0.2 = trivial, 0.2 to 0.6 = small effect, 0.6 to 1.2 = 

moderate effect, 1.2 to 2.0 = large effect, and >2.0 = very large (Hopkins et al., 2009). 

Significance level was set at p<0.05. 
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RESULTS 

Results for 1RM were 68.9±14.2 kg for the withdrawal phase and 70.0±13.5 kg for the 

active pill phase. No difference in 1RM between phases was observed (p=0.364). A 

significant phase-effect was observed for FSH (F1,17=13.74; p=0.002) and estradiol 

(F1,17=10.19; p=0.005). Concentrations were higher in the withdrawal phase (5.2±4.3 

mUI/mL and 30.2±32.8 pg/mL respectively) than in the active pill phase (2.5±2.1 

mUI/mL and 12.1±13.7 pg/mL respectively) (p<0.001 for both variables). No significant 

difference between withdrawal and active pill phases was observed for LH (5.4±4.7 and 

4.6±4.4 mUI/mL; p=0.311) and progesterone (0.3±0.1 and 0.3±0.2 ng/mL; p=0.736). 

 

Results for EIMD and inflammation markers are presented in Table 6. A significant effect 

of phase was observed for CK (F1,64=5.97; p=0.017), which was also supported by the ES 

(Figure 19A), indicating the values in the withdrawal phase were higher than in the active 

pill phase. No effect of phase was observed for muscle soreness, CMJ, myoglobin, LDH, 

IL-6, TNF-a and CRP (p>0.05). A significant effect of time was observed for muscle 

soreness (F2,66=72.73; p<0.001), CMJ (F3,95=32.91; p<0.001), CK (F3,161=37.543, 

p<0.001), myoglobin (F3,150=63.747, p<0.001) and LDH (F3,154=33.883) (p<0.05). The 

ES was meaningful for these three variables (Figure 19B). No effect of time was observed 

for IL-6, TNF-a and CRP. Furthermore, no significant interaction between time and OC 

phase (p>0.05) for any of the blood markers of EIMD and inflammation. The ES for 

interactions was also negligible (data not shown). 
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Table 6. Muscle damage and inflammation markers throughout an OC cycle following eccentric 
exercise. Data expressed as mean (SD) and %CV. 

 Withdrawal Phase Active Pill Phase Average  
Mean   (SD) %CV Mean  (SD) %CV Mean (SD) %CV 

Muscle soreness (mm)  
Baseline 4.4 (9.2) 207.4 3.9 (6.9) 179.4   4.2a (6.9) 193.5 
24h 42.2 (18.0) 42.6 47.2 (26.5) 56.2   44.7d (19.7) 50.3 
48h 32.8 (16.0) 48.9 38.3 (27.1) 70.6 35.6 (18.8) 62.1 
Average 26.5 (10.8) 82.4 29.8 (16.1) 96.7    
CMJ (cm)  
Baseline 24.3  (5.6) 23.0  24.1    (6.7) 25.0     24.2c,d (6.1) 25.1 
0h 20.2 (4.5) 22.1 20.2 (4.7) 27.8  20.2a (4.6) 22.4 
24h 21.9 (5.7) 25.9 21.9 (6.3) 23.5 21.9 (5.9) 26.9 
48h 22.9 (6.1) 26.5 22.9 (5.9) 28.5 22.9 (6.0) 25.9 
Average 22.4 (5.3) 25.0 22.3 (5.5) 26.0    
CK (U·L-1)  
Baseline 118.2 (47.7) 40.4 112.4 26.9 24.0 115.2 (38.0) 33.0 
2h 168.5 (41.5) 24.6 151.2 35.6 35.5 159.6 (38.9) 24.4 
24h 209.1 (111.3) 53.2 177.6 54.9 54.9   192.4a (86.3) 44.8 
48h 182.1 (89.9) 49.4 134.9 41.2 41.1 158.5 (72.9) 46.0 
Average 169.1 (82.9) 49.0  144.0§ 39.7 46.7    
Myoglobin (µg·L-1)  
Baseline 65.1 (13.8) 21.2 62.1 (6.2) 10.0 63.6 (9.9) 16.7 
2h 124.5 (68.9) 55.4 103.7 (29.1) 28.1    114.1a (49.0) 46.6 
24h 63.0 (11.1) 17.6 61.8 (7.9) 12.9 62.4 (9.5) 15.3 
48h 63.2 (5.8) 9.1 59.8 (7.3) 12.3 61.5 (6.6) 11.0 
Average 78.9 (24.9) 55.6 62.1 (6.2) 33.7    
LDH (U·L-1)  
Baseline 157.8 (19.6) 12.4 154.4 (24.6) 16.0 156.1 (22.1) 14.1 
2h 172.6 (21.8) 12.6 170.8 (26.6) 15.6   171.7b (24.2) 14.0 
24h 158.1 (25.7) 16.3 161.9 (24.1) 14.9 160.0 (24.9) 15.4 
48h 159.0 (22.1) 13.9 152.6 (23.8) 15.6 155.8 (22.9) 14.7 
Average 161.9 (22.3) 14.1 159.9 (24.8) 15.8    
IL-6 (pg/mL)  
Baseline 1.5 (0.0) 0.0 1.5 (0.0) 0.0 1.5 (0.0) 0.0 
2h 1.5 (0.0) 0.0 1.8 (1.3) 73.6 1.5 (0.0) 57.0 
24h 1.5 (0.0) 0.0 1.5 (0.0) 0.0 1.7 (0.7) 0.0 
48h 1.5 (0.0) 0.0 1.5 (0.1) 7.0 1.5 (0.0) 5.0 
Average 1.5 (0.0) 0.0 1.6 (0.3) 42.2    
TNF-a (pg/mL)  
Baseline 4.5 (1.0) 23.0 4.7 (0.8) 18.2 4.6 (0.9) 20.5 
2h 4.5 (0.8) 18.3 4.5 (0.9) 19.5 4.5 (0.8) 18.6 
24h 4.3 (0.6) 13.9 4.7 (1.1) 23.5 4.5 (0.8) 20.0 
48h 4.3 (0.7) 30.1 4.2 (0.6) 13.4 4.3 (0.6) 24.0 
Average 4.4 (0.8) 22.2 4.5 (0.8) 19.2    
CRP (mg/L) 
Baseline 1.9 (1.4) 73.3 1.6 (1.4) 87.8 1.7 (1.4) 79.3 
2h 1.8 (1.4) 75.4 1.5 (1.3) 88.0 1.6 (1.3) 80.6 
24h 1.8 (1.3) 73.7 1.6 (1.4) 83.4 1.7 (1.3) 77.3 
48h 1.6 (1.4) 84.8 1.5 (1.4) 89.7 1.6 (1.4) 86.0 
Average 1.8 (1.4) 75.2 1.5 (1.3) 85.4 1.7 (1.4)  

CMJ: countermovement jump, CK: creatine kinase, LDH: lactate dehydrogenase; IL-6: interleukin-6, 
TNF-a: tumor necrosis factor, CRP: C-reactive protein. §Different from the withdrawal phase (p<0.05). 
aDifferent from the rest of time-points (p<0.001); bDifferent from the rest of time-points (p<0.05) 
cDifferent from 24 h (p<0.001). dDifferent from 48 h (p<0.05).    
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Figure 19. Standardized mean differences (ES) and CLs in comparisons of muscle damage and 
inflammation between OC phases (19A) and times of measurement (19B). CMJ: 
countermovement jump, CK: creatine kinase, LDH: lactate dehydrogenase, IL-6: interleukin-6, 
TNF-a: tumor necrosis factor a, CRP: C-reactive protein.  

 

DISCUSSION 

The aim of this study was to evaluate the influence of withdrawal and active pill phases 

on EIMD and inflammation over an OC cycle. The major finding is that compared to the 

active pill phase, CK concentrations were higher in the withdrawal phase, when 

endogenous estrogen is starting to increase, and exogenous estrogen has disappeared from 

the body according to pill withdrawal. This could suggest that despite higher endogenous 

estrogen concentrations were found in the withdrawal phase in comparison to the active 

11 
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pill phase, the consistent supply of exogenous hormones derived from the use of OCs for 

21 days might provide a protective effect against EIMD. In fact, although endogenous 

estrogen is higher in the withdrawal phase, these concentrations are still low compared to 

endogenous concentrations during other phases of the natural menstrual cycle (Bell et al., 

2011; Minahan et al., 2015). This may explain the lack of estrogen’s protective effect in 

this phase (Enns & Tiidus, 2010), which according to previous literature, may be more 

adequately considered as a transient period instead of a phase per se (Sims & Heather, 

2018). In this regard, it could be suggested that this transient hormonal environment 

during the withdrawal phase could influence the vulnerability to EIMD.  Other factors 

may be associated with this higher CK value in the withdrawal phase such as thermal 

stress, although ambient conditions were consistent during testing in both phases. In fact, 

progesterone and synthetic progestins, which are the main contributors to increase body 

temperature in females (Constantini et al., 2005) present negligible concentrations during 

the withdrawal phase. Hence, although body temperature was not measured, heat seems 

not to be very likely to influence our results. However, despite the increase in CK during 

the withdrawal phase could be due to EIMD, the lack of differences between phases in 

any other markers of EIMD does not entirely support this statement which should 

therefore be taken cautiously. A possible reason for the lack of differences in other EIMD 

markers than CK could be that our exercise protocol, which was designed to mimic a 

usual resistance training session, may not have provided a stimulus sufficiently strenuous 

to trigger further differences between OC phases.  Even for CK, our values during the 

withdrawal phase were lower than those reported in previous studies evaluating EIMD 

with similar exercise protocols (Minahan et al., 2015; Savage & Clarkson, 2002). This 

lower CK response in our study may be explained by the extensive resistance training 
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experience (7±5 years) of our participants. In previous studies, participants were 

habitually active, but not involved in regular resistance training programs, so their CK 

response could have been exacerbated due to their lower resistance training status. 

Nevertheless, the lack of studies evaluating EIMD in an intra-subject fashion during the 

OC cycle complicates in depth discussion of our findings. 

Regarding time-point differences, several interesting changes were found. Muscle 

soreness, CMJ, CK, myoglobin and LDH all showed significant changes over time and 

suggest EIMD in these well-trained females following our squat-based eccentric exercise 

session. Interestingly, the CK response 24h post-exercise coincided with the highest value 

of muscle soreness and still reduced CMJ height values in comparison to baseline. 

Altogether it could be suggested that the peak response of these indirect markers of 

EIMD, following a squats workout focused on eccentric contractions, occurs 24h post-

exercise in these trained females. However, several other studies reported higher CK and 

soreness at 48h or 96h post-exercise (Hicks, Onambélé-Pearson, et al., 2017; Savage & 

Clarkson, 2002; Thompson et al., 1997). This more delayed CK release suggest the 

possibility of a secondary form of damage different from the initial damage, which is 

usually observed immediately after the exercise and consists of the loss of force (Muanjai 

et al., 2019). The current study did not measure loss of force, but the CMJ showed a 

decrease immediately after the exercise protocol. A possible explanation for disparities 

regarding delayed CK response may be that exercise protocols from the aforementioned 

studies were more strenuous for those participants than the current exercise protocol was 

for our participants considering they were well-trained. However, another explanation 

may be the large variation between participants in their muscle damage response, most 

obviously with the delayed appearance of CK.  
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Finally, despite the finding of CK being higher in the withdrawal phase than in the active 

pill phase, inflammation in terms of IL-6, TNF-a and CRP seemed unaffected by the 

hormonal changes over the OC phases. This finding is in agreement with a previous study 

that found no differences in IL-6 values when comparing both phases (Sim et al., 2015), 

despite differences in exercise modality and training status of participants compared to 

the current study. However, in both cases the exercise protocol seemed not to be strenuous 

enough to trigger a noteworthy inflammation response, and this may have obscured 

potential differences between phases. In fact, it has been reported that 17-ß estradiol 

inhibits IL-6 expression (Angstwurm et al., 1997; Pottratz et al., 1994), and in the current 

study estradiol was significantly higher in the withdrawal phase than in the active pill 

phase. However, it could be that estradiol levels during the withdrawal phase had not 

risen sufficiently to trigger a greater inhibition of IL-6 in comparison to the active pill 

phase. Overall it appears that endogenous and exogenous female hormone changes over 

the OC cycle have a minimal effect on acute inflammation responses. Nevertheless, a 

previous study on resistance training adaptation and OC use showed interesting findings. 

In response to a 10-week combined strength and endurance protocol in active women this 

study observed that IL-6 and TNF-a were unaffected by the exercise intervention 

(Ihalainen et al., 2019). However, they did find an increase in high-sensitivity CRP after 

the intervention in the OC group in comparison to baseline, and in comparison to the non-

OC group. The authors suggested that the anti-inflammatory effect attributed to exercise 

suggested in the literature (Pedersen, 2017), may not be as strong in OC users. A possible 

explanation could be that endogenous hormones seem to decrease CRP concentrations 

(Ihalainen et al., 2019)  and IL-6 (Angstwurm et al., 1997; Pottratz et al., 1994; Sim et 
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al., 2015). However, progesterone has been also suggested to elevate CRP levels 

(Ihalainen et al., 2019). Therefore, further investigations are needed to clarify these 

findings. 

To the best of our knowledge this is the first study to evaluate the effect of OC use on 

EIMD and inflammation in response to an eccentric-based squats resistance training 

session. The OC preparations used by our participants were quite similar in estrogen form 

and concentrations. However, the progestogen types and concentrations were different 

between them, and this could be considered as a limitation. Variations in progestogen 

dosing may affect the variability of the results since potency and androgenicity could vary 

depending on progestogen concentrations (Elliott-Sale et al., 2013) and on the other hand, 

depending on the molecule that they are derived from, different enhancing effects may be 

triggered (Regidor, 2018). Previous studies have reported differences in some markers 

between OC phases using the same molecule (Sim et al., 2015) while no differences in 

performance have been observed between OC phases while evaluating different 

progestogen dosage (Redman & Weatherby, 2004), while other studies do not specify the 

type of OC used (Bell et al., 2012; Rechichi & Dawson, 2009). This altogether make 

difficult to draw definitive conclusions. In future studies, it is recommended that the same 

OC preparations are used, and other hormonal contraception methods should be also 

considered, although the decision on the type of OC being used by the athletes is 

exclusively for the prescribing gynecologist. Additionally, another limitation to mention 

is the lacking control of potential symptoms related to withdrawal-bleeding. It could be 

speculated that these symptoms might affect the higher variability observed in some of 

the muscle damage markers during the withdrawal phase. However, is an aspect yet to be 

considered in future studies. In this regard, it would be interesting to evaluate the impact 
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of extended regimens of long-term pill consumption (i.e. skipping withdrawal phases) in 

comparison to the customary combined OCs. This method has demonstrated to reduce 

the severity of symptoms related to the withdrawal phase when customary combined OCs 

are administered (Schaumberg et al., 2018). Finally, an ultimate limitation to mention is 

that we did not directly measure muscle damage from muscle tissue through biopsies. 

However, this study is focused on the use of indirect markers of EIMD that are more 

attainable and useful for exercise coaches.  

 

In conclusion, even though the current eccentric squats resistance training session altered 

markers of muscle damage, the session did not trigger the subsequent inflammation 

response. The exogenous hormones provided by monophasic OCs seem to affect EIMD 

with specifically CK being higher in the withdrawal phase than in the active pill phase. 

Therefore, the vulnerability of muscle tissue could be higher in the withdrawal phase and 

therefore, this phase may be less adequate for high training loads. However, the lack of 

differences between phases in other not circulating muscle damage markers such as CMJ 

performance or perceived soreness, do not warrant a protective effect in the active pill 

phase versus the withdrawal phase. In addition, the high variability between subjects 

indicate that training prescription in OC users should be individually tailored.  

 

PRACTICAL APPLICATIONS 

• This study provides useful information for resistance training prescription, as the 

number of women engaging in training programs is increasing (Mujika & Taipale, 

2019) and combined OCs are the most commonly used (Sims & Heather, 2018). 

The highest CK values found in the withdrawal phase may suggest being more 
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cautious when periodizing training loads during this phase, as muscle tissue might 

be more vulnerable to be damaged. However, the lack of differences in CMJ 

performance and muscle soreness between OC phases indicate that general 

guidance on active pill phase versus withdrawal phase could not be warranted so 

far. Hence, from a practical perspective, even though some nuances might be 

needed in the withdrawal phase, no different training loads between OC phases 

should be administered as a starting point. Coaches still need to observe and 

evaluate athletes throughout the OC cycle in order to individualize training for 

every one of them accordingly. 

• An eccentric squat-based protocol can be performed by well-trained female users 

of OC, without an associated inflammation response. 

• Further research on OCs is needed to elucidate the possible negative effects 

associated with withdrawal phase. In this line, the comparison between long-term 

and combined OCs may also be interesting and could contribute to clarify the 

influence of exogenous hormones on exercise responses. 
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ABSTRACT 

Background: Sex hormone deprivation derived from menopause may affect exercise-

induced muscle damage. No studies have previously evaluated this response between 

postmpenopausal and premenopausal eumenorrheic females over the menstrual cycle. 

Hypothesis: Postmenopausal females will present higher exercise-induced muscle 

damage markers than premenopausal females, especially in comparison to the menstrual 

cycle phases where sex hormone concentrations are higher. 

Study design: cross-sectional study. 

Level of evidence: 3 

Methods: Thirteen postmenopausal and nineteen eumenorrheic females, all of them 

resistance-trained, performed an eccentric squat-based exercise. The postmenopausal 

group performed one bout of exercise, while the eumenorrheic group performed three 

bouts coinciding with the early follicular, late follicular and mid-luteal phases ot their 

menstrual cycle. Muscle soreness, counter movement jump, creatine kinase, myoglobin, 

lactate dehydrogenase, interleukin-6, tumor necrosis factor-α, and c-reactive protein were 

evaluated prior to and post-exercise. 

Results: The expected differences in sex hormones were observed between groups 

(p<0.001) according to their reproductive status. Post-exercise increases in CK, 

myoglobin and muscle soreness (168.2±45.5 U∙L-1, 123.1±41.5 µg∙L-1, 20.7±21.3 mm) 

were observed in comparison to baseline (136.2±45.5 U∙L-176.9±13.8 µg∙L-1, 2.7±4.2 

mm). Myoglobin values at baseline in postmenopausal females were higher compared to 

premenopausal females values in the aforementioned MC phases, respectively (62.8±8.2 

µg∙L-1, 60.4±7.2 µg∙L-1 and 60.1±10.6 µg∙L-1; p<0.001 for all comparisons), which was 



Romero Parra, N.  
 
 

 
150 

supported by large ESs (0.72-1.08  standardized d units). No post-exercise differences 

were observed between groups in any markers (p>0.05).  

Conclusions: Despite higher resting levels of myoglobin and lower strength values in 

postmenopausal than in premenopausal females, exercise-induced muscle damage was 

similar between both reproductive profiles. This suggest a potential benefit of being 

physically active despite aging and sex hormone deprivation. 

Clinical relevance: Sex hormone deprivation derived from menopause seems not to 

influence muscle damage reponse to eccentric exercise in resistance-trained 

postmenopausal females.  

Key words: sex hormones, menopause, resistance, eccentric exercise, creatine kinase, 

inflammation.  
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INTRODUCTION 

From the mid 40s, a gradual process of reproductive senescence called climacteric 

initiates, producing a significant decline in the ovary’s contribution to plasma estradiol 

and progesterone (Al-Azzawi & Palacios, 2009; Delamater & Santoro, 2018). As a result, 

during a period that may last for about 4 years, occasional skipped cycles occur followed 

by greater menstrual irregularity, with periods of amenorrhea lasting over 60 days and up 

to 12 months, leading to the menopause (Delamater & Santoro, 2018). Therefore, on the 

basis of life expectancy reaching 80 years for women in most Western societies (Seifarth 

et al., 2012), over one-third of a typical female lifetime is spent in sex hormone-deficient 

state (Tiidus et al., 2013). 

 

As a result of menopause hormonal imbalances, muscle function may be impaired. The 

ovarian hormones have reported to be connected with skeletal muscle due to the skeletal 

muscle is the largest tissue containing estrogen receptors (Greising et al., 2009; Tiidus et 

al., 2013). In this sense, it has also been suggested that estrogens present membrane-

stabilizing characteristics (Dobridge & Hackney, 2004) derive from their structure, which 

presents certain resemblance to antioxidants. Hence, estrogens may preserve skeletal 

muscle function by playing a protective role in preventing EIMD, and by limiting the 

subsequent inflammation (Enns & Tiidus, 2010). The  EIMD process is characterized by 

the loss of muscle strength, the reduction in the range of movement, the increase in muscle 

soreness and limb girth and the release of muscle-specific enzymes and proteins into the 

blood stream or a combination of these (Peake et al., 2017). Specifically, strenuous 

activities that involve repeated eccentric muscle actions appear to be particularly 

disruptive to muscle structure (Dieli-Conwright et al., 2009).  
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Accordingly, previous research on untrained postmenopausal females showed lower 

EIMD and improvements in strength after using HRT (Dieli-Conwright et al., 2009; 

Greising et al., 2009). However, when females were well-trained, no differences in EIMD 

were observed between either postmenopausal users and not users of  HRT (Dobridge & 

Hackney, 2004), or between postmenopausal and premenopausal females (Conceicao et 

al., 2012), although the entire MC was not fully considered. This may indicate that 

exercise could attenuate the loss of muscle function and quality in postmenopausal 

females. Therefore, the purpose of this study was to describe the EIMD process in 

resistance-trained postmenopausal women, and to compare this response with the same 

response over the different phases of the MC in eumenorrheic women. We hypothesized 

that postmenopausal females present higher EIMD markers than premenopausal females 

due to sex hormone deprivation, especially in comparison to the MC phases where sex 

hormone concentrations are expected to be higher. 

 

MATERIAL AND METHODS  

Participants 

Twenty eumenorrheic and sixteen postmenopausal women volunteered to participate in 

this cross-sectional study conducted from September 2017 to January 2019. Participants 

were recruited and filtered through an initial online questionnaire previously fulfilled with 

personal information, nutrition habits, health, menstrual cycle and training in order to 

evaluate the eligibility criteria. Nineteen and thirteen women of each group, respectively, 

completed the study. Descriptive data are presented in Table 1. Postmenopausal 

participants were included if they were over 40 years old self-reporting a menopausal 

status for at least a year preceding the study (Delamater & Santoro, 2018). Eumenorrheic 
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women were included if being between 20 and 40 years. Additionally, all participants had 

to report their experience in resistance training -completing at least 1-h resistance exercise 

session, 2 times per week during a minimum of a year- to be included in the study. On 

the basis of this, resistance training experience was 60±20 min, 3±1 times per week, 

during 6±5 years for eumenorrheic participants, while it was 96±5 min, 2±1 times per 

week, during 3±3 years for the postmenopausal group. Eumenorrheic participants were 

excluded if they present irregular menstrual cycles, -considering regularly occurring 

menstrual cycles those ranging from 24 to 35 days in length (Lebrun et al., 1995).  Eligible 

participants reported the length of their last six menstrual cycles before starting this study, 

and a gynecologist confirmed that the cycles were regular and calculated the range of 

volunteers’ different phases finally included in the study. These eumenorrheic 

participants were analyzed earlier to observe the muscle damage response between 

menstrual cycle phases (Romero-Parra, Alfaro-Magallanes, et al., 2020; Romero-Parra, 

Barba-Moreno, et al., 2020). Further exclusion criteria included: (a) the use of any 

hormonal contraception or HRT in the six months preceding the study, (b) any 

pregnancies in the year preceding the study, (c) any existing disease and/or metabolic or 

hormonal disorder, (d) any musculoskeletal injury in the last six months, (e) any surgery 

interventions (i.e. ovariectomy) or other medical conditions that would be exacerbated by 

an eccentric resistance exercise protocol, (f) the regular use of medication or dietary 

supplements that could affect the results, and (g) smoking. A written informed consent 

was obtained from each participant. All procedures complied with the Declaration of 

Helsinki and the study was approved by the research ethics committee of the Universidad 

Politécnica de Madrid.   
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Table 7. Descriptive data and hormone concentrations of postmenopausal and eumenorrheic 
females over the MC. Data expressed as mean (SD). 

Posmenopausal group   
                                       (n=13) 

Eumenorrheic group 
(n=19) 

Age (yrs) 52 (4)   29a (6)   

Height (cm) 163.6 (6.3)   163.4 (6.1)   

Body mass (kg) 53.9 (3.3)   59.9a (5.6)   

BMI 21.1 (1.8)   22.9b (2.7)   

Fat mass (%) 24.7 (4.2)   24.3 (6.7)   

Fat free mass (%) 71.2 (4.2)   71.5 (6.5)   

Bone mineral content (%) 4.1 (0.4)   4.3 (0.4)   

1RM screening session (kg) 50.7 (4.2)   74.6a (17.3)   

1RM/kg fat free mass (kg) 1.3 (0.2)   1.8a (0.4)   

      

Menstrual cycle phases   EFP LFP MLP 
1RM eccentric session (kg) 52.5 (8.7) 75.9a (16.8) 75.5a (17.4) 74.7a (16.3) 

FSH (mUI/ml) 98.3 (40.2) 7.1a (2.5) 6.1a (2.9) 3.1a (1.2) 

LH (mUI/ml) 52.1 (22.6) 6.0a (1.9) 11.9a (10.3) 4.4a (2.4) 

Estradiol (pg/ml) 22.4 (26.7) 38.2 (32.1) 185.1a (173.9) 156.1a (91.5) 

Progesterone (ng/ml) 0.2 (0.2) 0.3 (0.1) 0.4 (0.7) 10.1a (3.9) 

               
1RM: 1 repetition maximum, FSH: follicle stimulating hormone, LH: luteinizing hormone, EFP: early 
follicular phase, LFP: late follicular phase, MLP: mid-luteal phase. aDifferent from postmenopausal 
(p<0.001) bDifferent from postmenopausal (p<0.05).  

 

Determination of menstrual cycle phases 

Verification of menstrual cycle phases in eumenorrheic participants was performed 

according to the aforementioned studies carried out previously by our research group 

(Romero-Parra, Alfaro-Magallanes, et al., 2020; Romero-Parra, Barba-Moreno, et al., 

2020), following the methodological recommendations based on a three-step method 

(Janse de Jonge et al., 2019) including: (1) calendar counting, (2) home urine tests to 

detect luteinizing hormone (LH) surge and the subsequent ovulation between 14 to 26 

hours later (Janse de Jonge et al., 2019); and (3) blood hormones analysis.  
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Screening session  

Postmenopausal participants visited the laboratory on their first available day, while 

eumenorrheic participants visited the laboratory within days 2 to 5 of their early follicular 

phase (EFP), considering day 1 as the onset of menstrual bleeding, both in the morning 

in a fasted and rested state.  In this screening session, blood samples were drawn in order 

to determine blood count, biochemistry and sex hormones to discard any existing 

hormonal or metabolic disorder. Subsequently, the participants’ body composition was 

assessed by Dual-Energy X-ray Absorptiometry (DXA) with a GE Lunar Prodigy 

apparatus using the version 6.10.029 of GE Encore 2002 software (GE Healthcare, 

Madison, Wisconsin, USA). This session concluded with the strength assessment of the 

lower limb through the 1 repetition maximum (1RM) test for the parallel back squat 

exercise with a plate-loaded barbell. A training box and several barbell plates were used 

to fix the required knee angle for a parallel back squat according to each participant. 

Participants then performed 4 sets of 1 rep with increasing loads from 75% to 90% of 

their self-estimated maximum load. Each rep was recorded and processed by using the 

Powerlift v.9.1.7 iOS app (Balsalobre-Fernández et al., 2017) installed on an iPhone 6s 

running iOS 12.1.3 (Apple Inc., Cupertino, CA, USA). The full range of motion for the 

lifts was recorded with the iPhone high-speed camera (240 Hz) and the starting and 

ending frames were manually selected by two observers to provide the estimation of the 

1RM through barbell velocity. High interobserver agreement has been shown in previous 

validation studies (ICC > 0.9) (Balsalobre-Fernández et al., 2018). 
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Eccentric exercise sessions 

At least a week after the screening session, postmenopausal females visited the laboratory 

on one further occasion, while eumenorrheic participants visited the laboratory on three 

further occasions according to their EPF (3±1 days), late follicular phase (LFP) (12±3 

days), and mid-luteal phase (MLP) (22±3 days), in a counter-balanced and randomized 

order, to avoid learning effect. Participants were requested to refrain from exercise in the 

48 hours leading up to and following the experimental visit. Prior to the eccentric exercise 

bout, perceived muscle soreness in thighs and glutes was measured by using a visual 

analogue scale (VAS), rating from 0 mm (no pain at all) to 100 mm (unbearable pain) 

during a parallel unweighted squat. Later, after a 5-min cycle-ergometer warm-up, 

counter movement jump (CMJ) was recorded (240 Hz) and processed with My Jump 

5.0.6 iOS App (Gallardo-Fuentes et al., 2016) installed on the aforementioned iPhone 6s. 

The flight time was calculated by identifying take-off and landing frames, providing jump 

height as outcome.  

After that, a more specific warm-up was performed with some mobility exercises and 

squats with loads about 50 - 60% of the maximum value obtained during the screening 

session. The 1RM in the back-squat exercise, was estimated in each session by performing 

a quick test with Powerlift App, consisting of one rep of the back-squat exercise at 90% 

based on the full test previously performed in the screening session. The eccentric 

exercise protocol was previously used in men to elicit muscle damage (Macdonald et al., 

2014). It consisted of 10 sets of 10 reps of parallel back squats, at 60% of their 1RM, with 

a 2 min of rest between sets. The tempo consisted of 4 seconds for the eccentric phase, 

followed by one-second stop and one second for concentric phase.  
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Blood samples for follicle stimulating hormone (FSH), LH, progesterone, 17-ß estradiol 

were drawn prior to exercise, while blood samples to analyze EIMD and inflammation 

markers: CK, myoglobin, LDH, c-reactive protein (CRP), tumor necrosis factor-α (TNF-

α), interleukin-6 (IL-6) were obtained prior to exercise (baseline) and 2h, 24h and 48h 

post-exercise. Muscle soreness and CMJ performance were assessed prior to exercise 

(Baseline), 24h and 48h post-exercise by the same researcher. Additionally, CMJ was 

assessed immediately post-exercise (0h). 

 

Blood analytical procedures 

Blood samples were obtained by venipuncture and collected in a 9 ml Z serum separator 

clot activator tube (Vacuette®). They were allowed to clot at room temperature for 60 

minutes and were centrifuged for 10 minutes at 3000rpm (Biosan LMC-3000 version 

V.5AD, Riga, Latvia) to obtain the serum (supernatant) and subsequently transferred into 

Eppendorf tubes of 600 µl aliquots for storing at -80°C until further analysis. FSH, LH, 

Progesterone, 17-ß estradiol and IL-6 were measured with a COBAS E411 (Roche 

Diagnostics GmbH, Mannheim, Germany), using ECLIA (electrochemiluminescence 

immunoassay) technology. CK, myoglobin, LDH, and CRP were analyzed in a Beckman 

AU400 Clinical Biochemistry analyzer (Beckman Coulter Inc., Brea, California). TNF-

a was measured with an IMMULITE 1000 (Siemens Healthineers AG Munich, Germany) 

using chemiluminescent enzymatic immunoassay. Controls were measured after 

calibration and subsequently at each analysis batch. Inter- and intra-assay coefficients of 

variation (CV) reported by the laboratory were, respectively: 5.3% and 1.8% at 1.2 

mIU/mL for FSH; 5.2% and 1.8% at 0.5 mIU/mL for LH; 11.9% and 8.5% at 93.3 pg/mL 

and 6.8% and 4.7% at 166 pg/mL for 17- ß estradiol; 23.1% and 11.8% at 0.7 ng/mL and 
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5.2% and 2.5% at 9.48 ng/mL for progesterone, 3.2% and 1.0 at 270 U/L for CK, 4.2% 

and 2.9% at 45.2 µg/L for myoglobin, 1.5% and 1.1% at 157 U/L for LDH, 8.5% and 

6.0% at 17.3 pg/ml for IL-6, 6.5% at 17 pg/ml and 3.5% at 34 pg/ml for TNF-a, and 6.4% 

and 4.3% at 0.21 mg/l for CRP. 

Statistical analysis 

Data are presented as means (SD). All analyses were performed using the Statistical 

Package for Social Science (IBM SPSS Statistics for Windows, version 25.0, Armonk, 

NY). The assumption of normality was verified using Saphiro-Wilk. An unpaired t-test 

was performed to compare descriptive variables between postmenopausal and 

eumenorrheic participants. The mixed linear model was performed to analyze the 

repeated measures over time-points in postmenopausal females. The mixed linear model 

was also performed to explore the differences in sex hormones and EIMD markers 

between postmenopausal females and eumenorrheic females in the aforementioned 

menstrual cycle phases, including group -according to hormonal status- as fixed effect 

and participants as random effect. Age and RM were entered as covariates in all the 

analyses between groups. Where appropriate, the Bonferroni post-hoc test was applied to 

examine pairwise comparisons of each significant factor. Additionally, estimated 

magnitudes of difference in means and their 95% confidence limits were calculated and 

presented in standardized units, and were evaluated qualitatively with the following scale: 

trivial, 0–0.2; small, 0.2–0.6; moderate, 0.6–1.2; large, 1.2–2.0; and very large, >2.0. The 

significance level was set at p<0.05.  
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RESULTS 

Descriptive data and results from hormone concentrations and RM are shown in Table 1. 

Postmenopausal participants presented higher age (t30=12.0, p<0.001), lower body mass 

(t30=3.2, p=0.003), and lower body mass index (BMI)(t30=2.2, p=0.033). They also 

showed lower both 1RM (t30=3.92) and 1RM relative to fat free mass (t30=4.85) (p<0.001 

for both comparisons). Postmenopausal females also showed lower 1RM values 

(F3,66=7.55) than eumenorrheic females in the EFP, LFP and MLP (p<0.001 for all 

comparisons). The expected differences between postmenopausal and eumenorrheic 

participants were observed for FSH (F3,64=98.02), LH (F3,62=53.36), estradiol (F3,61=9.29) 

and progesterone (F3,62=85.99), (p<0.001 for all comparisons).  

 

Results from EIMD and inflammation markers for the postmenopausal females’ group 

are presented in Figure 1. An effect of time was observed for CK (F3,12=15.81; p<0.001), 

myoglobin (F3,12=8.14; p<0.001), and muscle soreness (F3,12=3.82; p=0.050), indicating 

the presence of EIMD. Additionally, supporting these results, a moderate ES was 

observed for CK when comparing 24h values with baseline [0.62], while the ES was 

almost moderate when comparing 2h with baseline values [0.55], and 24h with 48h values 

[0.56]. The ES was large for myoglobin values at 2h in comparison to baseline [1.85], 

24h [1.90] and 48 h [1.85]. No effect was observed for inflammation markers CRP 

(p=0.081), IL-6 (p=0.343) and TNF-a (p=0.998). No other noteworthy ES was observed 

(data not shown).  
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Figure 20. EIMD and inflammation markers in postmenopausal females following eccentric 
exercise. Data expressed as mean (SD). CK: creatine kinase; LDH: lactate dehydrogenase; 
CMJ: counter movement jump; IL-6: interleukin-6; TNF-a: tumor necrosis factor; CRP: C 
reactive protein. cDifferent from baseline (p<0.001). dDifferent from 2h (p<0.001). eDifferent 
from 24h (p<0.001). §Trend to be different from baseline (p=0.060). 

 
Blood markers of muscle damage and inflammation both at baseline and at post-exercise 

peak value between postmenopausal and eumenorrheic females are presented in Table 2. 

At baseline, higher values of myoglobin were observed in postmenopausal females in 

comparison to eumenorrheic females in their different menstrual cycle phases. No other 

effects were observed at baseline although the ES was large for CK, myoglobin and CMJ 
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(Table 2). Finally, no post-exercise effects were observed (Table 2), while the ES was 

also negligible, except for CMJ (Figure 2B).  

 

Regarding covariates influence at baseline, an interaction between age and group were 

observed for myoglobin (p=0.027) and for TNF-a there was a trend for this interaction 

(p=0.057), while a main effect of RM was observed for CMJ (p=0.002). On the other 

hand, the only covariate influencing post-exercise results was RM. Specifically, the 

effects of this covariate were observed for CK (p=0.004), myoglobin (p=0.006) and CMJ 

(p=0.002). 
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Table 8. Muscle damage and inflammation markers at baseline and at post-exercise peak value comparing postmenopausal females with eumenorrheic 
females in their different menstrual cycle phases. Data expressed as mean SD and %CV. Age and RM were included as covariates. 

 
 POS EFP LFP MLP Main effects 

  Mean SD %CV Mean SD %CV Mean SD %CV Mean SD %CV F p 
CK (U∙L-1)    

Baseline 136.3 47.6 34.9 108.6 48.0 44.2 105.7 33.1 31.3 100.7 29.8 29.7 0.335 0.800 
Peak value 184.7 63.4 34.3 165.4 71.2 16.7 202.6 90.6 44.7 183.5 79.1 43.1 0.189 0.904 

MB (µg∙L-1)    
Baseline 76.9 13.8 17.9 62.8a 8.4 13.4 60.4a 7.5 12.3 60.1a 10.9 18.2 3.937 0.013 

Peak value 124.2 40.6 32.7 105.5 45.3 42.9 122.5 63.4 51.7 104.6 47.1 45.0 0.168 0.917 
LDH (U∙L-1)    

Baseline 178.9 24.4 13.6 166.5 14.7 8.8 162.5 25.1 15.4 163.9 14.3 8.7 0.576 0.633 
Peak value 191.9 26.4 13.7 188.7 19.5 10.3 185.8 27.9 15.1 186.2 15.9 8.6 1.098 0.357 

CMJ (cm)    
Baseline 18.9 3.4 18.0 25.7 5.3 20.8 25.7 5.5 21.2 26.4 6.2 23.5 0.154 0.927 

Peak value 19.8 3.3 16.9 25.4 6.2 24.3 25.7 5.4 21.0 26.6 6.2 23.3 0.189 0.904 
Muscle soreness (mm)    

Baseline 2.7 4.6 171.3 4.7 7.7 163.0 1.1 3.2 299.5 3.2 8.2 259.7 0.134 0.940 
Peak value 23.1 22.5 97.5 26.8 16.0 59.6 36.8 17.3 47.1 35.3 17.1 48.5 0.269 0.848 

IL-6 (pg/mL)    
Baseline 1.6 0.5 31.7 1.7 0.7 16.5 1.7 0.5 31.9 1.6 0.3 20.6 0.209 0.890 

Peak value 1.9 1.1 58.3 1.9 0.7 7.2 2.1 0.8 41.0 2.1 1.3 60.7 0.405 0.750 
TNF-a  (pg/mL)    

Baseline 5.0 1.9 37.5 4.9 1.1 22.9 5.3 1.9 35.0 5.0 1.7 34.2 0.398 0.755 
Peak value 5.6 2.1 37.4 5.6 1.6 29.3 5.6 1.6 29.0 5.5 1.4 25.0 0.279 0.840 

CRP (mg/L)    
Baseline 0.8 0.6 83.8 0.6 0.3 61.3 0.6 0.3 57.8 0.5 0.3 67.4 1.834 0.151 

Peak value 0.8 0.7 85.9 0.6 0.5 80.3 0.6 0.4 55.1 0.5 0.3 65.6 1.497 0.225 
POS: postmenopausal females, EFP: early follicular phase, LFP: late follicular phase, and MLP: mid-luteal phase.SD: standard deviation, CV: coefficient 
of variation, CK: creatine kinase; LDH: lactate dehydrogenase; CMJ: counter movement jump; DOMS: delayed onset muscle soreness, IL-6: interleukin-
6; TNF-a: tumor necrosis factor; CRP: c reactive protein; aDifferent from POS (p<0.001
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Figure 21. Standardized mean differences (ES) and CLs in comparisons of EIMD and 
inflammation markers both at baseline (21A) and at post-exercise peak value (12B) between 
postmenopausal (POS) and eumenorrheic females in their different menstrual cycle phases: early 
follicular phase (EFP), late follicular phase (LFP), and mid-luteal phase (MLP). CK: creatine 
kinase, LDH: lactate dehydrogenase, CMJ: counter movement jump; IL-6: interleukin-6, TNF-
a: tumor necrosis factor a, CRP: c reactive protein. DOMS AND CMJ.  

 

DISCUSSION 

The main purpose of this study was to describe EIMD in postmenopausal resistance-

trained females and to compare it with eumenorrheic women considering their menstrual 

cycle. The exercise protocol elicited muscle damage in postmenopausal females and this 

group presented at baseline higher levels of myoglobin than eumenorrheic females, 

independently of their menstrual cycle phase, while the ES also suggested a moderate 

effect on CK levels for the postmenopausal group. This is in agreement with a previous 

study considering both postmenopausal and premenopausal females, although the 

different menstrual cycle phases were not adequately separated (Arnett et al., 2000). 

Likewise, previous literature has demonstrated that old women express higher myogenic 
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mRNA levels of muscle regulatory factors at rest, which may reflect an attempt to 

preserve muscle mass and function in this group (Raue et al., 2006). Hence, despite 

having a multifactorial etiology, hormones may play a major role in the potentially poorer 

musculoskeletal health presented in postmenopausal females in comparison to younger 

women. In fact, postmenopausal female users of HRT showed higher 1RM than their not 

users counterparts (Dieli-Conwright et al., 2012). The estrogen deficiency around 

menopause, together with reducing testosterone and other hormones which stimulate 

muscle protein synthesis, are bound to increase musculoskeletal deterioration that may be 

due to the reduction in cross-sectional fiber area and associated myofilament thinning 

(Khadilkar, 2019; Monterrosa-Castro et al., 2019). Fiber changes are also accompanied 

by an infiltration of both fat and connective tissue and are attributed, at least in part, to 

the aforementioned decreases in estrogen production (Tiidus et al., 2013). All these 

findings could support our results showing higher blood markers, lower strength in the 

1RM test, and lower strength relative to fat free mass at rest. In addition, despite the 

lacking differences between groups in CMJ at rest, possibly due to the inclusion of 

covariates in the statistical analysis, clinical inference did suggest lower height in the 

CMJ in postmenopausal females, which seems to be in agreement with those findings and 

may explain the significant influence of RM as a covariate for post-exercise CMJ. 

Postmenopausal females’ results showed time-point differences in muscle damage 

markers post-exercise, especially CK, myoglobin and muscle soreness, which is in 

accordance to previous studies despite the wide variety of exercise protocols, training 

status of participants from sedentary to active or well-trained, together with the use or not 

of HRT (Arnett et al., 2000; Conceicao et al., 2012; Dieli-Conwright et al., 2009; 

Dobridge & Hackney, 2004). This post-exercise response, was similar between 
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postmenopausal and eumenorrheic females and is in agreement with a previous study 

comparing postmenopausal females not using HRT and eumenorrheic females 

(Conceicao et al., 2012). This might indicate that activity level may be an important factor 

affecting the ability to repair and adapt to muscle damage despite age and sex hormonal 

environment, which is in agreement with previous research reporting the response of 

myogenic gene expression to resistance exercise in older women to be similar to that of 

young women (Clarkson & Dedrick, 1988). This suggests that estrogen may not exert a 

significant influence on the degree of muscle damage experienced following resistance 

exercise in resistance trained females. On the contrary, other investigations indicated that 

postmenopausal participants not using HRT showed higher amount of DNA damage in 

their muscles (Raue et al., 2006) and slower strength and power recovery after damage-

inducing exercise (Welle et al., 2004) relative to younger women, which may be related 

to damage-induced impairments in excitation–contraction coupling and cross-bridge 

function (Clarkson & Dedrick, 1988; Power et al., 2012). Nevertheless, the 

postmenopausal participants in those previous studies seem older that our 

postmenopausal group and some studies are not recent. Hence the findings should be 

compared with caution and further research is needed to elucidate if exercise may exert a 

protection against EIMD under sex hormone deprivation status.  

 

Regarding the inflammatory markers, in our study, no differences were observed over 

time-points in postmenopausal females and between groups either at baseline or post-

exercise. In contrast, the only study evaluating inflammatory markers between 

postmenopausal and eumenorrheic females following eccentric exercise observed higher 

values of TNF-α in all the time-points and higher IL-6 at baseline, in the postmenopausal 
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group (Conceicao et al., 2012). This increase in basal systemic concentration of pro-

inflammatory cytokines after menopause, also reported in previous literature (Chedraui 

et al., 2011; Chung et al., 2009; Petersen & Pedersen, 2005), may be derived from age-

related processes. For instance, the increase in adiposity commonly presented in 

postmenopausal females contributes to the production of TNF- α, which is reflected by 

elevated levels of soluble TNF-α receptors, IL-6, or CRP, among others (Petersen & 

Pedersen, 2005). Additionally,  chronic up-regulation of pro-inflammatory mediators 

during the aging process may be due to an age-related redox imbalance that activates 

many pro-inflammatory signaling pathways (Chung et al., 2009). Altogether this may 

explaine our results showing an influence of age as covariate in TNF-α. However, it is 

still unclear whether sex hormone deprivation affects inflammatory markers. 

 

To the best of our knowledge, this is the first study comparing EIMD between 

postmenopausal females not users of HRT and eumenorrheic females considering their 

different hormonal status and performing a robust methodology to verify menstrual cycle 

phases. However, the lack of recent literature evaluating this response makes difficult the 

comparison of findings between studies, which could be considered as a limitation. In 

addition, despite muscle damage markers increasing in comparison to baseline, the 

resistance exercise performed based on eccentric squats induced only a minor extent of 

muscle damage without changes in inflammatory response in both eumenorrheic 

(Romero-Parra, Barba-Moreno, et al., 2020) and postmenopausal females. Since leg 

muscle usually works in daily life may have been less damaged than other muscle groups 

more susceptible of being damaged. This should be also mentioned as a limitation, and 

despite a squat‐based workout could be incorporated in regular female’s training, a more 
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strenuous exercise could have triggered higher muscle damage and inflammation, and 

hence, potentially greater differences between hormonal profiles. Finally, it should be 

mentioned that the high variability reported in our results between subjects may be 

impairing more differences between groups and between some time-points within 

postmenopausal group. Therefore, the results should be taken with caution in this regard. 

 

In conclusion, postmenopausal sex hormonal environment seems to affect myoglobin 

levels at baseline in this group in comparison to premenopausal females. This finding 

together with the lower strength level in the postmenopausal group might indicate poorer 

muscle health after menopause, even though the similar fat free mass between groups 

suggest the opposite. In addition, the lack of differences in post-exercise muscle damage 

between groups indicate a similar muscle tissue response to exercise. Therefore, a more 

important effect of being physically active on EIMD than sex hormonal environment may 

be suggested. Nonetheless, to confirm this statement not only resistance-trained but 

sedentary younger and older women should be evaluated, including a sample of women 

using HRT (Kovanen et al., 2018).  
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CONCLUSIONS  
 
The overall aim of this thesis was to evaluate the influence of the MC, OCs and 

menopause on EIMD. Therefore, the general conclusions of this thesis are the following: 

 

(1) Sex hormone fluctuations throughout the MC seem to influence EIMD being the 

EFP the most vulnerable phase to muscle damage in resistance trained 

eumenorrheic females. 

(2) Exercise-induced muscle damage does not differ between withdrawal and active 

pill phases of the OC cycle in resistance trained females. 

(3) Menopause may alter some baseline markers of muscle damage but 

postmenopausal and premenopausal eumenorrheic females show no differences 

in EIMD response.  

 

These conclusions are fully developed below alluding to the five contributions of this 

thesis represented by each of the studies of this work. 

 

Conclusions of Study I: 

The systematic review of the existent literature and the subsequent meta-analysis 

performed suggest that sex hormone fluctuations over the MC influence muscle damage 

response. Specifically, during the MLP, when sex hormone concentrations are high, the 

post-exercise difference in DOMS and strength loss in comparison to baseline is 

attenuated. In contrast, the EFP elicited higher post-exercise mean differences in 

comparison to baseline in both variables. No differences between phases were observed 



Romero Parra, N.  
 
 

 
172 

for CK. However, this should be taken with caution as most of studies did not properly 

monitor and verify MC phases. 

 

Conclusion of Study II: 

After a resistance exercise protocol based on eccentric squats, the sole indirect marker 

that seems to be affected by hormone fluctuations during the MC is muscle soreness. The 

EFP resulted in a higher perception of muscle soreness before starting the exercise bout, 

which could be related to the menstrual disturbances during menses or to the low 

concentrations of sex hormones during this phase.  

 

Conclusion of Study III: 

Sex hormone fluctuations over the MC do not affect blood markers of muscle damage 

and inflammation following a resistance exercise protocol based on eccentric squats. 

Taken results cautiously, the MLP seems to be the only phase reflecting an inflammatory 

response in terms of IL-6, although it seems unlikely that sex hormones are solely 

responsible for this finding. 

 

Conclusion of Study IV: 

Exogenous hormones provided by monophasic OCs seem to attenuate CK increase in the 

active pill phase in comparison to the withdrawal phase, which may indicate higher tissue 

vulnerability during the withdrawal phase. However, the lack of differences in any other 

muscle damage markers suggest that no guidance on eccentric EIMD could be stated on 

the active pill phase versus the withdrawal phase in resistance trained females. 
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Conclusion of Study V: 

The sex hormone deprivation derived from menopause do not seem to influence EIMD 

response between resistance trained postmenopausal and premenopausal females, after 

an exercise protocol based on eccentric squats. Some differences between groups were 

observed in muscle damage markers at baseline, possibly due to a poorer muscle health 

in postmenopausal females. However, the lack of differences in post-exercise muscle 

damage response might indicate a more important effect of being physically active on 

EIMD than the sex hormonal environment.  
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STRENGHTS 

 
The IronFEMME Study was aimed to examine the influence of sex hormonal 

environment on iron metabolism and exercise-induce muscle damage by considering the 

different reproductive status present throughout well-trained females’ lifespan. The 

strengths from the present thesis should be highlighted: 

1. This is the first study analyzing exercise-induced muscle damage in 

premenopausal females:  

§ on three menstrual cycle phases coinciding with the most pronounced changes 

in sex hormones over the menstrual cycle or on the two phases of an oral 

contraceptive cycle, 

§ following an intra-subject design, and  

§ using a robust methodology to verify menstrual cycle phases consisting of 

retrospective calendar counting, blood analysis of sex hormones and urine-

based tests to predict ovulation. 

2. This is the first study comparing exercise-induce muscle damage response in 

postmenopausal females with premenopausal eumenorrheic females considering 

the entire menstrual cycle. 

3. Phases were randomized and counter-balanced to avoid learning effect and 

repeated bout effect. 

4. The sample size meets the needs required to ensure statistical power. 

5. The exercise protocol was performed in previous studies to elicit muscle damage 

in men and it could be similar to any eccentric lower limb workout performed in 

any resistance training session. 
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6. Participants were requested to follow nutritional recommendations registered in a 

72-hour diet record (24 hours prior to testing, testing day and 24 hours after 

testing, including the breakfast 48 hour after testing). 

7. Participants’ physical activity was registered every week during the whole time 

they were involved in data collection. 

 

LIMITATIONS 
 
After carrying out the study, data analysis and comparing our results with previous 

studies, we present a critical view of our work, listing the main limitations below. 

1. The exercise protocol selected elicited muscle damage, but it may have not been 

intense enough to trigger: 

§ greater differences between menstrual cycle or oral contraceptive phases 

§ a noteworthy inflammatory response 

2. Despite participants being carefully selected and methodology being robust, the 

variability between subjects was high. This could have influenced the lack of 

differences between phases.  

3. In the study with oral contraceptive users, all the preparations did not provide the 

same dosage of progesterone.  

4. Hormonal variability could be high for the same woman between different 

menstrual cycles and even within one menstrual cycle. Sex hormone 

concentrations could also vary between days within the same oral contraceptive 

cycle especially during the withdrawal phase. Hence, it would be interesting to 

perform daily measurements of sex hormones in both groups. 
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5. Muscle damage has been evaluated through indirect markers which is reliable, but 

the lack of histological muscle damage evaluation through muscle biopsies could 

also be considered as a limitation to address in future studies.  

 

 

 
  



Romero Parra, N.  
 
 

 
180 

  



 

 
181 

 

 
 
 

7. FUTURE RESEARCH LINES 
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FUTURE RESEARCH LINES 
 
In future studies, the following points should be taken into consideration: 

1. To include the study of qualitative measurements related to the psychological 

aspects, symptoms and moods derived from the hormonal changes throughout the 

menstrual cycle in order to show a more comprehensive perspective. 

2. To organize multi-center collaborations in order to obtain a large sample size to 

ensure power and reduce intra-subject variability. 

3. To consider the analysis of different forms of hormonal contraception and their 

influence on exercise response.  

4. To include in the study of menopause effects, sedentary females as well as users 

of hormone replacement therapies.  

5. To evaluate muscle damage response after a more complete resistance training 

session with different exercises. 
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PRACTICAL APPLICATIONS 

 

In this day and age most sport coaches are more aware of the existing differences between 

sexes and the importance of knowing female hormonal environment and its influence on 

several aspects related to training, which is a key-thing to meet females training needs 

and hence, to improve their performance and results in competition. Despite this, more 

literature is necessary to deeply understand female physiology and its responses and 

adaptations to exercise over a female’s lifespan.  

 

In light of our findings some practical applications from this work are worth mentioning 

which could be helpful for coaches: 

 

1. When planning resistance training in eumenorrheic well-trained females, the EFP 

in eumenorrheic women seems to increase muscle pain perception. This could be 

due to the low level of sex hormones in the EFP and could also influence the 

disposition to perform a physical task. Coaches should start by being more aware 

of menstrual cycles and disturbances associated to menses and consider 

administering softer training loads and being more indulgent or tolerant with the 

athletes who experience these symptoms in the EFP. Additionally, more 

motivating tasks could also help in those days to reduce training strain. 

 

2. OC users seem to be more vulnerable to damage of muscle tissue in the WP due 

to hormonal transition. This could affect injury risk and hence, softer training 

loads should be administered in the WP. 
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3. On the basis of our findings, despite all participants being resistance-trained, a 

high variability in muscle damage between individuals was observed, especially 

in eumenorrheic participants. This means that coaches should have the patience 

to monitor every athlete over some menstrual cycles to properly understand how 

much hormone fluctuations affect her performance. Decisions on training 

adaptations should be made according to this registry. Additionally, getting 

familiarized with calendar counting and urine-based ovulation tests would be of 

use, as these are easy and not expensive methods to adequately verify menstrual 

cycle phases and also they could contribute to detect possible menstrual 

dysfunctions very common in female athletes. 
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