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INTRODUCTION

In the 2021 Tokyo Olympics, female athletes reached a record high of 48.8% of all athletes, and women competed in various events. Underneath the success of women in sports, reproductive dysfunction and impaired bone health associated with female relative energy deficiency in sports (RED-S) are considered problematic (1, 2). RED-S refers to “impaired physiological functioning caused by relative energy deficiency and includes, but is not limited to, impairments of metabolic rate, menstrual function, bone health, immunity, protein synthesis and cardiovascular health” and the aetiological factor is low energy availability (EA) (2). Although adverse effects of RED-S on reproductive function and bone health have been consistently reported in female athletes, the magnitude of weight control-associated side effects depends on the type of sport involved in weight control (3, 4). However, menstruation and bone health in female athletes have not been widely discussed and little is known in terms of the duration and degree of weight control and its acute and long-term effects.



LONG-DISTANCE RUNNERS WHO MAINTAIN LOW BODY WEIGHT OVER SEVERAL YEARS

Long-distance female runners aim to maintain low body weight or tend to lose weight prior to competition to optimize their time-based performance. Consequently, some long-distance runners experience eating disorders (ED) in the effort to obtain desired low body weights; about half (46%) were classified as “at risk” for developing an ED in a study of collegiate endurance runners from seven US universities (5). In addition, it has been observed that the age of menarche in female runners is 13–15 years, which is later than that in the general population (6, 7). Likewise, female athletes who begin taking part in long-distance competitions before menarche are reported to have menarche at a later age than those who begin after menarche (7). The research on comparing the energy balance is lacking in amenorrheic and eumenorrheic runners, the energy intake of amenorrheic runners seems to be deficient; however, body weight may be maintained due to a decreased resting energy expenditure for maintaining high exercise energy expenditure, thereby not increasing total energy expenditure (8). Regarding bone health, running movements have been associated with both positive and negative effects on the balance of bone remodeling. Physical stimulation of the sole of the foot by running has a positive effect on bone formation, while a negative energy balance due to insufficient energy intake or increased energy expenditure is associated with a decrease in bone collagen formation in young women who exercise regularly (9, 10). World-class middle- and long-distance runners and race walkers were reported to have an EA of 32 kcal/kg fat-free mass (FFM)/day, with about half of them having amenorrhea and 17% of them having a low bone mineral density (BMD) z-score, < −1 (11). Further 51.6% of the female cross-country runners in puberty have been reported to have a low BMD, and 25.8% experienced menstrual irregularity (12).



AESTHETIC ATHLETES WHO MAINTAIN A LOW BODY WEIGHT FROM THE EARLY AGE

Aesthetic athletes are required to maintain a thin body type and low body weight for an extended period. Aesthetic athletes begin competition at an early age, and maintain low body weight for lengthy periods until they finish competitions. Female figure skating also typically emphasizes slenderness (13), and elite female skaters often begin competing before puberty and practice for more than 30 h/week (13–15). The prevalence of ED is higher among female participants in artistic sports and weight-categorized sports than that in other sports (16). The reported EA in ballet dancers averages 39.5 kcal/kg FFM/day, and 45% of professional ballet dancers reach menarche after 15 years of age, with 65% previously experiencing menstrual dysfunctions (17, 18). The BMD of arms and spine in elite ballet dancers with present and history of amenorrhea was less than elite ballet dancers who had normally menstruating, while the BMD of a leg was comparable (19). Interestingly, the bone density in the lower limbs of figure skaters (mean menarche age: 12.8 years old, range: 11–16 years old) was higher in the landing leg than in the take-off leg (20, 21). It is important to note that ED in athletes increases the risk of injury and can also be a severe problem related to their life due to extreme energy restriction and undernutrition.



WEIGHT-CATEGORIZED ATHLETES WHO UNDERGO REPEAT RAPID WEIGHT LOSS IN A SHORT PERIOD

Athletes participating in combat sports that are weight-categorized commonly attempt to gain a body-size advantage by competing in weight divisions that are lower than their natural body weight. To manipulate their weight for the weigh-in ahead of competitions, a combination of chronic and acute weight loss strategies are used (22). To maximize weight loss in the final days leading up to the weigh-in and concurrent competitive events, rapid weight loss (RWL), a weight-manipulation strategy based on drastic food and fluid restriction accompanied by excessive exercise, is frequently utilized by combat sports. Despite a large body of evidence denoting serious acute and chronic health hazards associated with such an approach (23, 24), RWL remains highly prevalent in combat sports, and some athletes repeat RWL up to 10 times per year (25–27). The weight loss range varies; most combat sports athletes lose 2–5% of their body weight in about a week with RWL, while weight loss of 10% or more is not uncommon (26–29). In wrestlers using RWL, the EA during the weight-loss period was 10.7 kcal/kg FFM/day compared to a baseline EA of 43.6 kcal/kg FFM/day calculated from our previous study (30). Of concern, repetitive weight cycling can be especially problematic for female adolescent combat sports athletes. A study on dietary habits in young French female judo athletes revealed that some of the subjects were amenorrheic for 1 year (31). On the other hand, few reports of menstrual disorders or amenorrheic in weight-categorized athletes. Concerning bone health, the BMD of female wrestling and judoka was shown to be 1.21–1.238 g/cm2 (32, 33), and the powerful osteogenic stimuli in combat sport provided by their unique biomechanical environment may help prevent bone loss associated with weight loss (33). Nevertheless, have been published just a few reports on BMD in female weight-categorized athletes.



DISCUSSION

It should be noted that EA differs among long-distance runners and weight-categorized sports (Figure 1). Although long-distance runners and aesthetic athletes do not show extremely low EA (<15 kcal/kg FFM/day), continuously low EA (30–45 kcal/kg FFM/day) has been reported over several years of athletic participation (3, 11, 17). In contrast, weight-categorized sports athletes generally showed a daily EA above 45 kcal/kg FFM/day; however, EA can be extremely low during the RWL period (30). Low EA levels cause suppression of estradiol, increased bone resorption, and suppression of bone formation (10). As a result, EA in the RWL period has a negative impact on bone remodeling. However, we previously reported that whole-body BMD in judoka athletes was higher than in endurance athletes, whereas lower limb BMD was equivalent (34). Repetitive whole-body high impact is a feature of combat sports in daily training. Osteogenic stimuli of judo appear to protect athletes from alterations in bone metabolic balance with induced by weight loss cycling (35). The bone remodeling balance is disturbed due to low EA during RWL. However, the totaling period of RWL is 2–3 months per year, and the other approximately 10 months could be spent in recovery period. Thus, the negatively affected bone metabolic status caused by RWL is considered to be improved with subsequent weight regain (33). Intervention studies in amenorrheic athletes suggest that long-term improvement of EA increases luteinizing hormone levels and tends to improve amenorrhea (36). Therefore, obtaining a recovery period for EA may be necessary for the physical development of female athletes. There is a favorable effect on bone health in both long-distance runners and aesthetic athletes; however, in both groups, the positive effect occurs only in the lower limbs, while the BMD of upper limbs appear to be more strongly affected by prolonged low energy intake than lower limbs (20, 21, 34). Whereas in many sporting activities, bone gains only in the areas of impact, in combat sports such as judo and wrestling constantly produce strains that are distributed throughout the entire skeleton (33).


[image: Figure 1]
FIGURE 1. Conceptual diagram of the duration and degree of weight control and the characteristics of each sport. Numbers indicate reference numbers.


The menarche age is generally around 12 years (37), and if no menstruation occurs after 15 years of age, primary amenorrhea is suspected. The delay of menarche is a significant adverse factor for bone formation during puberty, as bone mineral content reaches 90% of the bone peak by the age of 18 years, with 25% of the bone peak formed during the 2 years before and after menarche (38, 39). Indeed, there is a positive correlation between the later age of menarche and BMD (40). The following menarche ages were reported in Polish female athletes: 14.2 years in long-distance runners, 14.1 years in marathon runners, and 13.0 years in Judo athletes (7). In another study, the low BMD group (<-2.0 z-score) had a menarche age of 13.29 years, which was significantly more delayed than that of the comparable BMD group (-1.0 to−2.0 z-score), 12.27 years (41). The lower whole-body BMD in long-distance runners and aesthetic athletes may be due to delayed menarche age, despite the positive effects of athletic characteristics on BMD formation. Between the age ranges of 13–14 and 17–18 years, a significant increase in the BMD of non-runners was reported; however, no increase in the BMD of runners was observed (42). The EA for optimal physical function is generally over 45 kcal/kg FFM/day; however, a much higher EA may be necessary for pubertal patients individuals, who are still in growth and development phase. Runners and aesthetic athletes have been reported to have chronic energy deficiency following the start of their sports (12, 17), and most aesthetic athletes begin their competitions before menarche. On average, long-distance runners begin competition in secondary school, and those who began competing before menarche had a later age of menarche (7). Thus, long-distance runners and aesthetic athletes are considered to have insufficient growth during puberty and delayed menarche age due to chronic energy deficiency. Thus, significant attention should be paid to the delay in menarche during puberty in female athletes.

Prolonged energy deficiency over several years, especially during the puberty period, may lead to insufficient growth in female athletes (2). Although female runners and aesthetic athletes do not have experience extreme energy restriction associated with RWL, they may continue to experience have long-term adverse effects on menstruation and bone health. Weight-categorized female athletes may be seemingly less likely to develop menstrual disorders and low BMD, but dietary restrictions associated with RWL may induce ED in adolescent female athletes (43). Therefore, although RWL practices in juniors may not directly affect low BMD, the development of ED and anorexia nervosa due to repeated RWL may lead to chronic low EA; thus, there may be some delay in menarche or physical growth during puberty caused by RWL. In addition, fluid restriction, one of the principal methods of RWL, increases the risk of heatstroke, especially in adolescents (44). Taken together, as we recently reported (27), and RWL is not recommended for female athletes and a strategy for weight control that considers the menstrual cycle, and the resulting effects of water fluctuation is required. To date, little data are available on the effect RWL has on menstruation, and further research is required to elucidate this relationship. Athletes who take part in weight-categorized sports and engage in weight control practices are most influenced by their coaches, with few to no athletes seeking advice from staff with professional expertise (e.g., dietitians or doctors) (27). The normal development of reproductive functions around puberty, particularly for females, has a significant impact on their future life (45); thus, a collaboration with qualified staff is required. Notably, health consequences related to repeated cycles of acute and chronic weight cycling may prevent many athletes from pursuing longer athletic careers, and this is an issue that should not be overlooked.

As stated, risks to menstruation and bone health differ based on the duration and degree of weight control, and it is necessary to provide nutritional and training advice that is tailored to various athletes' characteristics. Long-distance runners and aesthetic athletes particularly require nutritional and training strategies to achieve adequate growth during puberty. Future studies should be conducted, especially in pre-pubertal athletes, to further explore these relationships.



AUTHOR CONTRIBUTIONS

AU, EK, and HS contributed to conception and design of the study and firstly drafted the manuscript. AU, EK, NL, and HS edited and revised and approved the final version of the manuscript. All authors contributed to the article and approved the submitted version.



ACKNOWLEDGMENTS

The draft writing and publication fee was supported by the University of Tsukuba Faculty of Health and Sport Sciences and Basic Research Support Program Type S to HS and JPMJSP2124 to AU.



REFERENCES

 1. Joy E, De Souza MJ, Nattiv A, Misra M, Williams NI, Mallinson RJ, et al. Female athlete triad coalition consensus statement on treatment and return to play of the female athlete triad. Curr Sports Med Rep. (2014) 13:219–31. doi: 10.1249/JSR.0000000000000077

 2. Mountjoy M, Sundgot-Borgen JK, Burke LM, Ackerman KE, Blauwet C, Constantini N, et al. IOC consensus statement on relative energy deficiency in sport (RED-S): 2018 update. Br J Sports Med. (2018) 52:687–97. doi: 10.1136/bjsports-2018-099193

 3. De Souza MJ, Koltun KJ, Etter CV, Southmayd EA. Current status of the female athlete triad: update and future directions. Curr Osteoporos Rep. (2017) 15:577–87. doi: 10.1007/s11914-017-0412-x

 4. Tenforde AS, Carlson JL, Chang A, Sainani KL, Shultz R, Kim JH, et al. Association of the female athlete triad risk assessment stratification to the development of bone stress injuries in collegiate athletes. Am J Sports Med. (2017) 45:302–10. doi: 10.1177/0363546516676262

 5. Beals KA, Manore MM. Disorders of the female athlete triad among collegiate athletes. Int J Sport Nutr Exerc Metab. (2002) 12:281–93. doi: 10.1123/ijsnem.12.3.281

 6. Pollock N, Grogan C, Perry M, Pedlar C, Cooke K, Morrissey D, et al. Bone-mineral density and other features of the female athlete triad in elite endurance runners: a longitudinal and cross-sectional observational study. Int J Sport Nutr Exerc Metab. (2010) 20:418–26. doi: 10.1123/ijsnem.20.5.418

 7. Skierska E. Age at menarche and prevalence of oligo/amenorrhea in top Polish athletes. Am J Hum Biol. (1998) 10:5117.

 8. Myerson M, Gutin B, Warren MP, May MT, Contento I, Lee M, et al. Resting metabolic rate and energy balance in amenorrheic and eumenorrheic runners. Med Sci Sports Exerc. (1991) 23:15–22. doi: 10.1249/00005768-199101000-00004

 9. Zanker CL, Swaine IL. Responses of bone turnover markers to repeated endurance running in humans under conditions of energy balance or energy restriction. Eur J Appl Physiol. (2000) 83:434–40. doi: 10.1007/s004210000293

 10. Ihle R, Loucks AB. Dose-response relationships between energy availability and bone turnover in young exercising women. J Bone Miner Res. (2004) 19:1231–40. doi: 10.1359/JBMR.040410

 11. Heikura IA, Uusitalo ALT, Stellingwerff T, Bergland D, Mero AA, Burke LM. Low energy availability is difficult to assess but outcomes have large impact on bone injury rates in elite distance athletes. Int J Sport Nutr Exerc Metab. (2018) 28:403–11. doi: 10.1123/ijsnem.2017-0313

 12. Barrack MT, Rauh MJ, Nichols JF. Prevalence of and traits associated with low BMD among female adolescent runners. Med Sci Sports Exerc. (2008) 40:2015–21. doi: 10.1249/MSS.0b013e3181822ea0

 13. Ziegler PJ, Kannan S, Jonnalagadda SS, Krishnakumar A, Taksali SE, Nelson JA. Dietary intake, body image perceptions, and weight concerns of female US International Synchronized Figure Skating Teams. Int J Sport Nutr Exerc Metab. (2005) 15:550–66. doi: 10.1123/ijsnem.15.5.550

 14. Prelack K, Dwyer J, Ziegler P, Kehayias JJ. Bone mineral density in elite adolescent female figure skaters. J Int Soc Sports Nutr. (2012) 9:1–6. doi: 10.1186/1550-2783-9-57

 15. Ziegler P, Sharp R, Hughes V, Evans W, Khoo CS. Nutritional status of teenage female competitive figure skaters. J Am Diet Assoc. (2002) 102:374–9. doi: 10.1016/S0002-8223(02)90086-6

 16. Sundgot-Borgen J, Torstveit MK. Prevalence of eating disorders in elite athletes is higher than in the general population. Clin J Sport Med. (2004) 14:25–32. doi: 10.1097/00042752-200401000-00005

 17. Civil R, Lamb A, Loosmore D, Ross L, Livingstone K, Strachan F, et al. Assessment of dietary intake, energy status, and factors associated with RED-S in vocational female ballet students Front Nutr. (2019) 5:1–11. doi: 10.3389/fnut.2018.00136

 18. Staal S, Sjödin A, Fahrenholtz I, Bonnesen K, Melin AK. Low RMR[[sb]]ratio[[/s]] as a surrogate marker for energy deficiency, the choice of predictive equation vital for correctly identifying male and female ballet dancers at risk. Int J Sport Nutr Exerc Metab. (2018) 28:412–8. doi: 10.1123/ijsnem.2017-0327

 19. Kaufman BA, Warren MP, Dominguez JE, Wang J, Heymsfield SB, Pierson RN. Bone density and amenorrhea in ballet dancers are related to a decreased resting metabolic rate and lower leptin levels. J Clin Endocrinol Metab. (2002) 87:2777–83. doi: 10.1210/jcem.87.6.8565

 20. Burt LA, Groves EM, Quipp K, Boyd SK. Bone density, microarchitecture and strength in elite figure skaters is discipline dependent. J Sci Med Sport. (2021) 25:173–7. doi: 10.1016/j.jsams.2021.09.001

 21. Oleson CV, Busconi BD, Baran DT. Bone density in competitive figure skaters. Arch Phys Med Rehabil. (2002) 83:122–8. doi: 10.1053/apmr.2002.26246

 22. Burke LM, Slater GJ, Matthews JJ, Langan-Evans C, Horswill CA, ACSM. expert consensus statement on weight loss in weight-category sports. Curr Sports Med Rep. (2021) 20:199–217. doi: 10.1249/JSR.0000000000000831

 23. Lakicevic N, Paoli A, Roklicer R, Trivic T, Korovljev D, Ostojic SM, et al. Effects of rapid weight loss on kidney function in combat sport athletes. Medicine. (2021) 57:1–9. doi: 10.3390/medicina57060551

 24. Miles-Chan JL, Isacco L. Weight cycling practices in sport: a risk factor for later obesity? Obes Rev. (2021) 22:e13188. doi: 10.1111/obr.13188

 25. Steen SN, Brownell KD. Patterns of weight loss and regain in wrestlers: has the tradition changed? Med Sci Sports Exerc. (1990) 22:762–8. doi: 10.1249/00005768-199012000-00005

 26. Reale R, Slater G, Burke LM. Weight management practices of Australian Olympic Combat Sport Athletes. Int J Sports Physiol Perform. (2018) 13:459–66. doi: 10.1123/ijspp.2016-0553

 27. Lakicevic N, Mani D, Paoli A, Roklicer R, Bianco A, Drid P. Weight cycling in combat sports: revisiting 25 years of scientific evidence. BMC Sports Sci Med Rehabil. (2021) 13:1–6. doi: 10.1186/s13102-021-00381-2

 28. Nishimaki M, Kondo E, Teo C, Nakajima K, Yamashita D. Prevalence, methods of rapid weight loss amongst elite Japanese wrestlers: a questionnaire-based study of the 2016 Japanese Wrestling Championship. J High Perform Sport. (2020) 6:12–27.

 29. Giannini Artioli G, Gualano B, Franchini E, Scagliusi FB, Takesian M, Fuchs M, et al. Prevalence, magnitude, and methods of rapid weight loss among judo competitors. Med Sci Sports Exerc. (2010) 42:436–42. doi: 10.1249/MSS.0b013e3181ba8055

 30. Kondo E, Sagayama H, Yamada Y, Shiose K, Osawa T, Motonaga K, et al. Energy deficit required for rapid weight loss in elite collegiate wrestlers. Nutrients. (2018) 10:536. doi: 10.3390/nu10050536

 31. Boisseau N, Vera-Perez S, Poortmans J. Food and fluid intake in adolescent female judo athletes before competition. Pediatr Exerc Sci. (2005) 17:62–71. doi: 10.1123/pes.17.1.62

 32. Santos DA, Dawson JA, Matias CN, Rocha PM, Minderico CS, Allison DB, et al. Reference values for body composition and anthropometric measurements in athletes. PLoS One. (2014) 9:e97846. doi: 10.1371/journal.pone.0097846

 33. Prouteau S, Pelle A, Collomp K, Benhamou L, Courteix D. Bone density in elite judoists and effects of weight cycling on bone metabolic balance. Med Sci Sports Exerc. (2006) 38:694–700. doi: 10.1249/01.mss.0000210207.55941.fb

 34. Sagayama H, Kondo E, Tanabe Y, Ohnishi T, Yamada Y, Takahashi H. Bone mineral density in male weight-classified athletes is higher than that in male endurance-athletes and non-athletes. Clin Nutr ESPEN. (2020) 36:106–10. doi: 10.1016/j.clnesp.2020.01.008

 35. Drid P, Franchini E, Lopes-silva JP, Fukuda DH, Wells AJ, Lakicevic N, et al. Health implications of judo training. Sustain. (2021) 13:1–18. doi: 10.3390/su132011403

 36. Lagowska K, Kapczuk K, Jeszka J. Nine-month nutritional intervention improves restoration of menses in young female athletes and ballet dancers. J Int Soc Sports Nutr. (2014) 11:1–9. doi: 10.1186/s12970-014-0052-9

 37. Currie C, Ahluwalia N, Godeau E, Nic Gabhainn S, Due P, Currie DB. Is obesity at individual and national level associated with lower age at menarche? Evidence from 34 countries in the health behaviour in school-aged children study. J Adolesc Heal. (2012) 50:621–6. doi: 10.1016/j.jadohealth.2011.10.254

 38. Sabatier JP, Guaydier-Souquières G, Laroche D, Benmalek A, Fournier L, Guillon-Metz F, et al. Bone mineral acquisition during adolescence and early adulthood: a study in 574 healthy females 10–24 years of age. Osteoporos Int. (1996) 6:141–8. doi: 10.1007/BF01623938

 39. Kontele I, Vassilakou T. Nutritional risks among adolescent athletes with disordered eating. Children. (2021) 8:10–2. doi: 10.3390/children8080715

 40. Tenforde AS, Fredericson M, Sayres LC, Cutti P, Sainani KL. Identifying sex-specific risk factors for low bone mineral density in adolescent runners. Am J Sports Med. (2015) 43:1494–504. doi: 10.1177/0363546515572142

 41. Nichols JF, Rauh MJ, Lawson MJ Ji M, Barkai HS. Prevalence of the female athlete triad syndrome among high school athletes. Arch Pediatr Adolesc Med. (2006) 160:137–42. doi: 10.1001/archpedi.160.2.137

 42. Barrack MT, Rauh MJ, Nichols JF. Cross-sectional evidence of suppressed bone mineral accrual among female adolescent runners. J Bone Miner Res. (2010) 25:1850–7. doi: 10.1002/jbmr.63

 43. Sundgot-Borgen J. Risk and trigger factors for the development of eating disorders in female elite athletes. Med Sport. (1994) 26:414–9. doi: 10.2165/00007256-199417030-00004

 44. Lakicevic N, Reale R, D'Antona G, Kondo E, Sagayama H, Bianco A, et al. Disturbing weight cutting behaviors in young combat sports athletes: a cause for concern. Front Nutr. (2022) 9:8–10. doi: 10.3389/fnut.2022.842262

 45. Rogol AD, Clark PA, Roemmich JN. Growth and pubertal development in children and adolescents: effects of diet and physical activity. Am J Clin Nutr. (2000) 72:521S–8S. doi: 10.1093/ajcn/72.2.521S

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

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

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



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Differential Risks of the Duration and Degree of Weight Control on Bone Health and Menstruation in Female Athletes



		Introduction



		Long-Distance Runners Who Maintain Low Body Weight Over Several Years



		Aesthetic Athletes Who Maintain a Low Body Weight From the Early Age



		Weight-Categorized Athletes Who Undergo Repeat Rapid Weight Loss in a Short Period



		Discussion



		Author Contributions



		Acknowledgments



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Nutrition

Differential Risks of the Duration and
Degree of Weight Control on Bone
Health and Menstruation in Female

Athletes





OPS/images/fnut-09-875802-g001.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
& frontiers | Frontiers in Nutrition





