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Abstract
Purpose of Review The aim of this review is to discuss the most recent published scientific evidence regarding bone health 
in the pediatric athlete.
Recent Findings Pediatric athletes commonly suffer from overuse injuries to the physes and apophyses, as well as bone 
stress injuries, for which magnetic resonance imaging grading of the severity of injuries may be useful in guiding return 
to sport. Adolescent athletes, particularly those who train indoors and during the winter season, are at risk for vitamin D 
deficiency, which has important implications for bone mineral density. However, the relationship between vitamin D status 
and traumatic fracture risk is still unclear. While the female athlete triad is a well-established condition, the current work 
has led to the recognition of parallel pathophysiology in male athletes, referred to as the male athlete triad. Recent evidence 
suggests that transdermal 17β-estradiol treatment in amenorrhoeic female athletes is an effective adjunctive treatment to 
improve bone mineral density in treatment of the female athlete triad.
Summary Young athletes are at risk for musculoskeletal injuries unique to the growing skeleton. Optimizing nutritional 
intake, particularly related to adequate vitamin D intake and prevention of the athlete triad, is critical to optimize bone health 
in the young athlete.

Keywords Pediatric · Athlete · Sport · Bone · Injury · Triad

Introduction

In 2019, 56.1% of youth aged 6–17 years of age reported 
participation in organized sports [1]. There are ample 
benefits to youth sports participation, including enhanced 
mental health, social relationships, and academic achieve-
ment, as well as improved physical fitness and bone health 
[2]. Adolescence is a particularly important period for 
bone accrual, with up to 90% of peak bone mass attained 
by age 18 [3]. There are many special considerations for 
bone health in the pediatric athlete. Developmental ossi-
fication centers, including skeletal physes and apophy-
ses, are particularly vulnerable to both acute and chronic 
injuries, in addition to traumatic fractures and bone stress 
injuries in young athletes [2]. Vitamin D status, important 
not only for prevention of nutritional rickets, must be con-
sidered as it relates to bone mineral density, fracture risk, 
and risk of deficiency in the pediatric athlete [4]. Addi-
tionally, physically active adolescents can suffer from the 
male and female athlete triad, defined by the interplay of 
low energy availability, hypogonadotropic hypogonadism 
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or hypothalamic amenorrhea, and impaired bone health [5, 
6]. In this narrative literature review, we summarize the 
most recent scientific findings regarding bone health in the 
young athlete, with a focus on bone injuries, vitamin D, 
and the athlete triad.

Methods

We conducted a literature review in the PubMed database 
including only English language articles published from 
2019 to present, using the following terms: bone, pediatric, 
adolescent, athlete, sport. Pertinent studies identified from 
the reference lists of articles collected via PubMed were 
also considered. We selected, reviewed, and summarized 
the most recent literature into three major themes related to 
bone health in young athletes: (1) bone injuries, (2) vitamin 
D, and (3) the athlete triad.

Discussion

Bone Injuries in Young Athletes

A summary of key relevant studies on this topic area can be 
found in Table 1.

Physeal Injuries

Overuse injuries to the physis are unique to the pediatric 
athlete. Carsen et al. performed a recent narrative review 
of physeal development, the effects of force on the devel-
oping physis, and clinical pathologies based on anatomi-
cal location [7]. The physeal direction and rate of growth 
are modified based on the stress and forces acting upon 
it [8]. If forces exceed the capacity of the growing physis 
from overtraining, especially in the peripubertal years, this 
may lead to metaphyseal vascular supply disruption, epi-
physiolysis, or injuries to the physeal plate [9-11]. Forces 
applied through the physes manifest as overuse injuries in 
different locations based on the type of sport such as in the 
elbow (“Little League elbow”) and shoulder (“Little League 
shoulder”) in throwing athletes and the wrist in gymnasts 
(“gymnast wrist”) [7]. Premature physeal closure at the dis-
tal radius, growth deformity, and ulnar overgrowth can occur 
as a consequence of gymnast wrist in peripubertal athletes 
[7]. Awareness of the vulnerability of the physes to repeti-
tive stress in young athletes is important when considering 
diagnoses of overuse injuries and injury prevention in this 
population.

Apophysitis

Apophyses—secondary bone growth centers at tendon 
attachment sites—can also be subject to both acute and 
chronic injury in pediatric athletes. Inflammation of the apo-
physis, or apophysitis, is a result of multiple factors includ-
ing chronic stress, rapid growth, and genetics and typically 
presents as insidious onset of pain at the apophysis in active 
youth [12]. While apophysitis is an overuse injury, avul-
sion fractures of the apophysis occur from an acute trac-
tion injury resulting in fracture and potential apophyseal 
displacement [13]. A retrospective cohort study of athletes 
aged 5 to 18 years presenting to a sports medicine clinic 
with musculoskeletal complaints found 11.8% with tibial 
tubercle apophysitis, 10.7% with calcaneal apophysitis, and 
5.5% with iliac crest apophysitis, which, including patel-
lofemoral pain syndrome (20.4%) and rotator cuff tendinitis 
(5.6%), comprised the top five overuse injury diagnoses in 
the study [14]. Males had more apophyseal injuries than 
females, with baseball being the most common sport asso-
ciated with overuse injuries in males, consistent with prior 
literature [15, 16]. Younger age groups had more apophyseal 
injuries, also consistent with prior literature [17-20]. Inter-
estingly, greater than 80% of all athletes continued to play 
prior to clinical evaluation despite pain, indicating the need 
for education of youth athletes, parents, and coaches on the 
risks of overuse injuries. Gudelis et al. found that anterior 
inferior iliac spine apophyseal injuries were the most com-
mon in a study of one youth soccer club over 7 seasons, with 
an incident rate of 0.35 apophyseal injuries per 1000 h of 
training exposure [12]. Unique to this study was the use of 
ultrasound as the most common imaging modality to aid in 
diagnosis compared to plain radiographs, which are more 
frequently utilized in the assessment of apophyseal injuries 
[21, 22]. The study authors proposed ultrasound as a more 
useful diagnostic tool because apophyseal injuries may be 
missed on plain radiographs if the apophysis is not ossified 
depending on pubertal progression. Finally, they found sig-
nificantly longer duration of recovery in apophyseal avulsion 
fractures compared to apophysitis in both return to training 
and to competition, which has not been previously reported.

Several studies examined tibial tubercle apophysitis, or 
inflammation at the insertion of the patellar tendon at the 
tibial tubercle apophysis (also known as Osgood-Schlatter’s 
disease) [23-25]. A review of the presentation, evaluation, 
and treatment of tibial tubercle apophysitis highlighted that 
8–13-year-old girls and 10–15-year-old boys are most at 
risk, with modifiable risk factors including training pro-
grams, hamstring, quadricep and calf muscle tightness, 
and larger body weight (kg) [21, 23, 2725-]. Tibial tubercle 
apophysitis is self-limited, and prevention programs should 
focus on regular stretching and balance training, especially 
for athletes who frequently perform jumping, squatting, and 
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kicking. Interestingly, a different study also found reduced 
hip internal rotation, in addition to tighter quadriceps and 
limited ankle dorsiflexion in athletes with tibial tubercle 
apophysitis, which is the first to report reduced hip inter-
nal rotation as a risk factor [25]. This may be specific to 
baseball players rather than other athletes who more com-
monly develop tibial tubercle apophysitis, as limited internal 
rotation may affect the lower extremity during the throwing 
motion and not during jumping, squatting, or kicking [25].

One recent study examined return to play duration in pro-
fessional youth soccer players with calcaneal apophysitis, or 
inflammation at the insertion of the Achilles tendon at the 
calcaneal apophysis (also known as Sever’s disease), and 
found an average return to play duration of 60.7 days. There 
were no differences in return to play duration based on age 
or body mass index (BMI), but there was significantly longer 
return to play duration in athletes with bilateral or recurrent 
disease [28]. As calcaneal apophysitis is a common overuse 
injury in youth athletes, quantifying time loss due to the 
injury is useful information for practitioners to provide to 
their patients. BMI not being correlated with duration of 
return to play is interesting, as higher BMI is a risk factor 
for calcaneal apophysitis itself [29, 30].

Bone Stress Injuries (Formerly Known as “Stress Fractures”)

Bone stress injuries (BSI) occur when excessive repeti-
tive stress is applied to normal bone resulting in structural 
bone weakness and pain [31]. A recent editorial was pub-
lished calling for the use of the term “bone stress injury,” 
rather than “stress fracture,” to describe these injuries, as 
the majority of BSIs do not have a discernible fracture line 
[31]. Return to sport after BSI varies based on the sever-
ity and location of the injuries [31]. The gold standard for 
diagnosis of BSIs is magnetic resonance imaging (MRI) to 
evaluate for the presence of periosteal edema, bone mar-
row edema, and fracture lines. These findings inform vari-
ous MRI-based grading systems that have been developed 
to classify the severity of BSIs with the intent to guide the 
anticipated time to healing and return to sport [32]. Several 
studies have evaluated the correlation between MRI grading 
of BSIs and duration of return to sport, with mixed findings. 
A recent study examined 38 pediatric athletes (55% were 
track and/or cross-country athletes) with tibial BSIs who 
were compliant with treatment and found that MRI grade 
per the Fredericson classification [33] did not correlate with 
time to recovery or return to full participation in sports [34]. 
This is in line with prior studies that found that MRI severity 
grade was not significantly associated with time to recovery 
in adolescent and adult athletes with BSIs at different loca-
tions [35, 36]. However, a more recent systematic review 
and meta-analysis of 16 studies including 560 BSIs did find 
that higher MRI-based grading was significantly associated 

with increased time to return to sport [32]. Additionally, 
BSIs at trabecular-rich sites took longer to heal than BSIs 
at cortical-rich sites. Generally, MRI grading and fracture 
location may be useful for prognostication of return to sport 
after BSI, while also considering clinical presentation and 
other associated risk factors [32].

Considering other risk factors for BSI, a 2022 systematic 
review and meta-analysis of 17 prospective observational 
studies examined the relationship between adiposity and 
sports injury risk in young athletes, including BSIs [37]. 
Young athletes with a BSI were more likely to have a lower 
BMI than uninjured peers. This was in contrast to all sport-
related injuries and lower extremity injuries for which higher 
BMI, not lower, was a risk factor. Low BMI should prompt 
clinicians to screen for other risk factors for BSIs, such as 
the athlete triad noted in more detail below.

Traumatic Fractures

The most common location for traumatic fractures in youth 
is the lower forearm (distal radius), but fracture location 
varies based on sport/activity type [38, 39]. In a recent 
epidemiological study of distal radius fractures in children 
4–18 years old, 33.5% occurred due to a high-energy fall, 
and 28.4% were related to sports participation, with soc-
cer (27.3%), football (20.9%), and basketball (15.7%) as 
the most common sports [40]. Participation in high-impact 
sports (such as gymnastics, karate, and volleyball) during 
adolescence has many skeletal benefits, including increased 
bone mass and decreased rates of osteoporosis later in life 
[41, 42]. However, it was hypothesized that participation in 
these sports may also increase athletes’ risk for traumatic 
fractures. A recent 12-month longitudinal study of 285 ado-
lescents examined the association between sports partici-
pation and fracture risk [43]. Sports participation was not 
significantly correlated with incidence of traumatic fractures 
compared to peers not engaged in sports regardless of sport 
type (martial arts, impact sports, or swimming) [43]. This 
was consistent with prior findings [44-46], suggesting that 
the long-term benefits of youth sports participation likely 
outweigh the risk of acute fractures related to sport.

Vitamin D and Bone Health

The importance of vitamin D for bone health is well-
established, and young athletes can be at risk for vitamin 
D insufficiency and deficiency, particularly in those who 
train mostly indoors, during the winter months, and in those 
who wear protective equipment that limits skin exposure 
to the sun [4, 47]. Although the definitions of vitamin D 
deficiency and insufficiency are often debated, a group of 
pediatric endocrinology societies released a global consen-
sus statement in 2016 defining serum 25-hydroxyvitamin 
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D (25(OH)D) level < 12 ng/mL (< 30 nmol/L) as deficient, 
12–20 ng/mL (30–50 nmol/L) as insufficient, and > 20 ng/
mL (> 50 nmol/L) as sufficient [48]. Using these cut-offs, 
a recent study by Herrick et al. reviewed vitamin D status 
from the National Health and Nutrition Examination Sur-
vey (NHANES) 2011–2014 and showed that the prevalence 
of vitamin D insufficiency and deficiency in adolescents 
between the ages of 12–19 was 22.7% and 4.8% respectively 
[49]. Low dietary calcium intake, physical inactivity, obe-
sity, dark skin pigment, northern geographic location, low 
exposure to sunlight, and history of fractures are associated 
with low vitamin D, which has important implications for 
attainment of optimal peak bone mineral density (BMD) in 
adolescence [50-53]. A study by Song et al. analyzed the 
association between vitamin D status and BMD with data 
from the Korea National Health and Nutritional Examina-
tion Survey. In a group of 1063 adolescents, they found that 
higher vitamin D levels were correlated with higher BMD 
Z-scores at the lumbar spine and femoral neck, after adjust-
ing for calcium intake, physical activity, and BMI [53]. A 
summary of key relevant studies on this topic area can be 
found in Table 2.

Vitamin D and Physical Activity

Several recent studies evaluated the relationships between 
vitamin D status, physical activity, and bone health. Mes-
quita et al. assessed 25(OH)D levels, BMD, and bone geom-
etry of 32 adolescent athletes in weight-bearing sports (artis-
tic gymnastics and track & field) compared to 43 non-sport 
adolescents. They found that those participants with 25(OH)
D levels (defined as ≥ 27 ng/mL based on the median values 
of the sample) in combination with sports participation had 
higher areal BMD of the whole body, greater trochanter, 
femoral neck, femoral shaft, and whole femur, as well as 
greater cross-sectional area of the femoral neck, than those 
with low 25(OH)D levels (< 27 ng/mL) and no sports par-
ticipation [51]. Constable et al. evaluated the independent 
and interactive associations of vitamin D status, physical 
activity, and BMD in 366 prepubertal Finnish children aged 
6–8 years. They discovered that while the amount of moder-
ate and moderate-to-vigorous physical activity and 25(OH)
D levels were both independently associated with total body 
less head and lower limb BMD, there were not interactions 
between physical activity intensity and 25(OH)D levels with 
BMD, suggesting that these may be independent determi-
nants of BMD in prepubertal children [54].

Vitamin D levels can vary throughout the year, which 
can be affected by the season of the sport, sun exposure, 
and home isolation (such as the COVID-19 lockdown). A 
study conducted by Jastrzębska et al. in Poland evaluated 
35 adolescent soccer players throughout the autumn season 
and found that 77% of players had optimal 25(OH)D levels 

(> 30 ng/mL) at the beginning of the season but only 14% of 
players maintained optimal levels by the end of the season 
[55]. A follow-up study published in 2022 assessed 25(OH)
D levels of 24 elite young soccer players throughout an entire 
calendar year and found that the highest levels were during 
August and September months when there was more sunlight 
exposure in Northern Europe. In contrast, the lowest 25(OH)
D levels were found in the months of May and December 
after more indoor training occurred [56]. During this study, 
there was the unexpected COVID-19 lockdown, which lead 
to lower vitamin D levels, likely secondary to less sunlight 
exposure. Interestingly, the group that received vitamin D 
supplementation (5000 IU daily) from January to March 
did not demonstrate significantly higher 25(OH)D levels at 
follow-up compared to the no supplementation group [56].

Vitamin D and Fractures

Fractures in children are common, accounting for 10–25% 
of accidents and injuries in the pediatric population [50, 57]. 
Bone fractures have a negative impact on daily activities 
and participation in sports, and also can be financially and 
socially impactful for families due to the increased amount 
of care and attention bone fractures require [50]. Vitamin D 
deficiency can lead to nutritional rickets in children, leading 
to reduced bone mineralization and increased fracture risk 
[48]. While it is accepted that vitamin D is important for 
bone mineralization, the role of vitamin D in bone fracture 
prevention in children and adolescents is still debated [50, 
57]. Therefore, understanding whether 25(OH)D levels have 
a meaningful impact on fracture risk is crucial. Yang et al. 
recently published a systematic review and meta-analysis 
study on the relationship between 25(OH)D levels and frac-
ture in children and adolescents. In the 7929 subjects from 
23 studies, lower 25(OH)D levels were associated with 
increased risk of fractures, particularly those with 25(OH)
D < 20 ng/mL [57]. In contrast, a recent systematic review 
and meta-analysis study by Zheng et al., which included 
3943 subjects from 13 studies, concluded that there was no 
significant relationship between 25(OH)D levels and risk of 
fracture in children [50]. The conclusions of these studies 
highlight that there is no consensus on whether low 25(OH)
D levels are significantly related to increased risk of bone 
fractures in the pediatric population. The discrepant findings 
may be related to the variation in studies included in both 
meta-analysis, as well as the statistical approach, but both 
highlight the need for future prospective randomized con-
trolled trials to better understand what role, if any, vitamin 
D has in fracture risk reduction in children. However, it is 
important to note that there is no evidence that vitamin D 
increases the risk of fractures and ensuring adequate vitamin 
D status is necessary for the prevention of nutritional rickets 
in the pediatric population [48].
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The Male and Female Athlete Triad

Updates on the Female Athlete Triad

The first position stand on the female athlete triad was pub-
lished by the American College of Sports Medicine in 1997 
[58]. It outlined the three interrelated components of the 
triad to include disordered eating, amenorrhea, and oste-
oporosis [58]. Since that time, several more iterations on 
the female athlete triad have been published up to the most 
recent consensus statement in 2014 [5]. The components 
of the triad have evolved to be defined as (1) low energy 
availability with or without disordered eating, (2) menstrual 
dysfunction, and (3) low BMD [5]. The most clinically sig-
nificant outcomes of the triad include clinical eating disor-
ders, amenorrhea, and osteoporosis; however, many athletes 
suffer from less severe but still harmful conditions such as 
reduced energy availability without disordered eating, sub-
clinical menstrual disturbances (i.e., anovulation and luteal 
phase defects), and low BMD without osteoporosis [5]. A 
review of the recent literature by Logue et al. regarding low 
energy availability in athletes reported 22–58% of adolescent 
and young adult female athletes with low energy availability, 
up to 47.9% with menstrual dysfunction, and up to 22.7% 
with low BMD [59].

The primary etiology of the triad is low energy availability, 
or lack of adequate energy to support physiologic functioning 
after removing the energy expenditure from exercise, leading 
to various hormonal alterations [60]. Energy availability is 
calculated as follows: [Energyintake(kcal)−Exerciseenergyexpenditure(kcal)]

Fat−freemass(kg)
 

[61]. From rigorously controlled trials of adult women, the 
threshold of low energy availability, or the level at which 
metabolic and hormonal alterations occur, has been 
deemed < 30 kcal/kg of fat-free mass. However, energy avail-
ability thresholds are subject to individual variability and have 
not been clearly delineated in the pediatric population [61]. 
The hormonal disturbances that occur in the setting of low 
energy availability, particularly hypoestrogenism, lead to not 
only declines in areal BMD (aBMD), but also impairments in 
bone microarchitecture and strength [60]. In the period of 
adolescence during peak bone mass accrual, low energy avail-
ability and its downstream effects on bone may result in lack 
of attainment of optimal bone mass [62]. In a recent study by 
Singhal et al., comparisons of aBMD and bone strength esti-
mates between oligo-amenorrhoeic and eumenorrheic young 
athletes and non-athletes demonstrated significantly higher 
aBMD and aBMD Z-scores at the total hip in eumenorrheic 
athletes compared to oligo-amenorrhoeic athletes and non-
athletes at baseline and at 12-month follow-up [62]. Eumenor-
rheic athletes had higher failure loads, suggesting greater 
estimated bone strength, at the weight-bearing tibia compared 
to non-athletes (at baseline and 12  months) and 

oligo-amenorrhoeic athletes (at 12 months), although this 
became non-statistically significant after adjusting for changes 
in weight in addition to other covariates. Across the 12-month 
period, there were no significant differences in change in 
aBMD between the three groups. The key takeaways of this 
study are that despite the weight-bearing exercise of oligo-
amenorrhoeic athletes, their aBMD and bone strength esti-
mates did not significantly differ from non-athletes, suggest-
ing that hypoestrogenism negates the benefit of weight-bearing 
exercise on bone and may account for the increased risk of 
lower extremity BSIs. Additionally, oligo-amenorrhoeic ath-
letes did not demonstrate “catch-up” of aBMD over the 
12-month period despite nutrition intervention and 40% of the 
group resuming spontaneous menstruation [62]. This is in line 
with prior studies revealing both reduced aBMD [63] and 
impaired bone microarchitecture [64] in amenorrhoeic ado-
lescent athletes compared to eumenorrheic athletes and con-
trols, as well as the long-term negative effect of amenorrhea 
on bone health and ability to achieve peak bone mass in young 
athletes [65]. Further research is needed to better understand 
the combined and independent effects of both amenorrhea and 
low energy availability on bone density, microarchitecture, 
and strength.

Specifics on the evaluation and diagnosis of the female 
athlete triad are beyond the scope of this review, but readers 
can reference the 2014 Female Athlete Triad Coalition con-
sensus statement [5] as well as the Endocrine Society’s 2017 
practice guidelines on functional hypothalamic amenorrhea 
[66] for more information.

There have been several important studies published in 
the last few years regarding treatment of the female athlete 
triad. The first line of treatment continues to be non-pharma-
cologic management to address the underlying energy defi-
ciency and restore adequate energy status. This is typically 
achieved in a multidisciplinary manner with a team includ-
ing but not limited to a clinician experienced in treating the 
triad, a sports dietitian, and a mental health practitioner if 
there is any concern for disordered eating, body dysmorphia, 
or other psychological issues contributing to the low energy 
availability [5]. Assessment of energy availability can be 
performed with a sports dietitian who will calculate dietary 
energy intake and exercise energy expenditure to identify 
energy deficiency and create an individualized nutrition plan 
to meet the athlete’s needs. Energy needs vary widely in 
young athletes based on age, sex, growth, pubertal status, 
and sport/exercise type. The following include the recom-
mended dietary intake of macronutrients for adolescent 
athletes: protein: 0.8–1.0 g/kg/day; carbohydrates: 3–5 g/
kg/day (for low intensity activity) up to 8–12 g/kg/day (for 
high intensity training); and fat as 20–35% of total energy 
intake [67]. The dietitian can also assess for micronutrient 
deficiencies, mostly commonly iron, vitamin D, and calcium, 



454 Current Osteoporosis Reports (2023) 21:447–458

1 3

and make recommendations for supplementation if medi-
cally warranted, preferably guided by laboratory testing [67].

In the event that an athlete may be unsuccessful with life-
style changes to address energy availability, has a decline 
in BMD, or has a new fracture over the course of 1 year 
of non-pharmacologic management, then the pharmaco-
logical treatment should be considered [5]. Combined oral 
contraceptives (COCs) are often prescribed to treat func-
tional hypothalamic amenorrhea, despite there being lim-
ited data to support this practice [68]. A recent randomized 
clinical trial led by Ackerman et al. compared changes in 
BMD [69] and bone geometry and microarchitecture [70] 
in 14–25-year-old oligo-amenorrhoeic, normal weight, 
female athletes treated with transdermal 17β-estradiol ver-
sus a common COC versus no estrogen. Participants were 
randomized into (1) a PATCH group (n = 43) that received 
100 mcg of transdermal 17β-estradiol applied twice weekly 
and 200 mg of cyclic micronized progesterone for 12 days 
each month, (2) a PILL group (n = 40) that received COC 
containing 30 µg ethinyl estradiol with 0.15 mg desogestrel, 
or (3) NONE (n = 38) who received no estrogen or proges-
terone. After 12 months of treatment with 73 participants 
completing the entire study (PATCH: n = 25; PILL: n = 22; 
NONE: n = 26), the researchers found that BMD and BMD 
Z-scores at the lumbar spine and femoral neck were signifi-
cantly greater in the PATCH vs PILL and NONE groups, 
and significantly greater in the PATCH vs PILL group (but 
not NONE) at the total hip [69]. In the same study popula-
tion, high-resolution peripheral computed tomography (HR-
pQCT) was performed at baseline and 12 months, with find-
ings demonstrating significantly greater percent increases in 
total and trabecular volumetric BMD, cortical area, cortical 
thickness, and trabecular number in the PATCH vs PILL 
group at the weight-bearing distal tibia [70].

These studies were the first to compare the effects of 
transdermal 17β-estradiol versus COC on bone outcomes in 
young female athletes with oligo-amenorrhea, and the first to 
demonstrate the greater efficacy of transdermal 17β-estradiol 
in improving BMD, bone geometry, and microarchitecture 
compared to COCs. One proposed explanation for these find-
ings is that 17β-estradiol, the physiological form of estradiol, 
does not undergo first-pass metabolism in the liver, therefore 
bypassing the downregulation of insulin-like growth factor-1 
(IGF-1) as occurs with ethinyl estradiol in COCs [69]. With 
assessment of bone markers in the same study population, 
Singhal et al. reported a significant decline in IGF-1 in the 
PILL group compared to the PATCH and NONE groups, 
which supports this explanation [71]. Additionally, ethinyl 
estradiol (in COCs) stimulates sex hormone-binding globu-
lin, which may lower bioavailable estradiol, leading to nega-
tive impacts on bone accrual [69, 70]. The conclusion of 
these studies was that transdermal 17β-estradiol (with cyclic 
progesterone) should be considered an adjunct treatment for 

young female athletes with oligo-amenorrhea to improve 
skeletal health, while also focusing on non-pharmacologic 
measures to restore energy availability. However, future 
research is necessary to understand how different estradiol 
formulations and doses in COCs may impact bone health, 
the role of progesterone supplementation, and how these 
findings translate to fracture and bone stress injury risk.

The Male Athlete Triad

Research over the last decade has led to the recognition of 
the athlete triad in male athletes [72], culminating in a two-
part consensus statement on the male athlete triad published 
in 2021 [6, 73]. Like the female athlete triad, the male ath-
lete triad includes low energy availability with and without 
disordered eating and low BMD, but with hypogonadotropic 
hypogonadism in place of menstrual dysfunction [6]. Male 
athletes can experience suppressed testosterone and lutein-
izing hormone concentrations and pulse frequency leading 
to impaired spermatogenesis and decreased libido in the 
setting of energy deficiency and/or high-volume exercise 
training [6]. It appears that low energy availability and 
hypogonadism impair bone health with declines in BMD in 
male athletes, particularly in sports that emphasize leanness 
[6]. The prevalence of low energy availability in adolescent 
male athletes is understudied but has been reported to be as 
high as 24–56% [74, 75]. Low BMD Z-scores (< − 1.0) at 
the lumbar spine have been reported in 21–23.5% of male 
adolescent runners, significantly associated with low body 
mass index (BMI) and the belief that “thinner is faster” [76], 
as well as low body weight and higher cumulative weekly 
running mileage > 30 miles in the past year [77].

The Male Athlete Triad Coalition consensus statement 
recommends screening young male athletes for the triad 
starting in middle or high school and through college for 
early identification of those at risk to optimize bone health 
during the critical years of adolescence [73]. This should be 
done at the time of the preparticipation physical examina-
tion, and when an athlete presents with any one component 
of the triad [73]. These recommendations mirror those out-
lined for young female athletes, and the suggested screening 
questions for both male and female athletes can be found 
in Fig. 1 [5, 73]. Using baseline responses from the triad 
screening questions, in addition to individual BMI, BMD 
Z-scores, and number of prior BSIs, to calculate a cumula-
tive risk score, Kraus et al. found that each 1-point increase 
in the cumulative risk score was associated with a 37% 
increase in prospective BSI risk in a group of collegiate male 
runners, consistent with findings in female athletes [78].

Evaluation of the male athlete triad involves the following 
suggested laboratory studies: complete blood count, com-
prehensive metabolic panel, thyroid-stimulating hormone, 
free T4, total + / − free T3, and 25-OH vitamin D, as well 
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as total and free testosterone [73]. The Male Athlete Triad 
Coalition consensus statement suggests a total testosterone 
cut-off of less than 8 nmol/L as clinical testosterone defi-
ciency [6], with further laboratory assessment for those with 
testosterone deficiency or in the “gray zone” (8–12 nmol/L 
total testosterone) to include luteinizing hormone, follicle-
stimulating hormone, prolactin, iron studies, erythrocyte 
sedimentation rate, and C-reactive protein [73]. Assessment 
of energy availability, disordered eating, and bone health 
with dual X-ray absorptiometry (DXA) is also indicated 
[73]. Similar to the approach for the female athlete triad, 
criteria for obtaining a DXA scan in male athletes are based 
on risk factor assessment, including BMI, % median BMI 
or percentage of weight loss/month, presence of a clinical 
eating disorder or history of disordered eating behaviors, 
number of prior BSIs, and prior BMD Z-scores if a DXA 
was obtained previously [73]. For pediatric patients under 
the age of 19, total body (less head) and lumbar spine sites 
should be assessed by DXA [79]. While the diagnosis of 
osteoporosis requires an aBMD Z-score ≤  − 2.0 with a clini-
cally significant fracture history, it is recommended that a 
Z-score of <  − 1.0 for male athletes participating in weight-
bearing sports be used as the threshold for low BMD, espe-
cially in the setting of additional triad risk factors [73]. Like 
the management of the female athlete triad, the first line of 
treatment is addressing the underlying energy deficiency and 
restoring adequate energy status. Data is lacking regarding 
the safety and efficacy of pharmacologic therapies including 
testosterone replacement [73].

Relative Energy Deficiency in Sport (RED‑S)

The 2014 and 2018 consensus statements on RED-S [61, 80] 
outline the physiological, psychological, and performance 
impairments that occur in the setting of low energy avail-
ability [61]. The RED-S expands the female athlete triad to 

highlight the multiple other body systems affected by energy 
deficiency [61]. While the focus of this review is on bone 
health in the young athlete, it is important to acknowledge 
the other implications of low energy availability in athletes, 
and the need for more research to better understand these 
relationships and lifelong consequences in the young athlete 
population.

Conclusion

When approaching the pediatric athlete, clinicians and 
researchers should consider the unique attributes of the 
growing skeleton and how this relates to musculoskeletal 
injury incidence and risk. BSIs are an inherent risk due to 
the repetitive nature of sport and can occur in the setting of 
low BMD related to the athlete triad. Adequate vitamin D 
status is important for BMD in the adolescent, and young 
athletes, especially those with less sunlight exposure, are 
at risk for vitamin D insufficiency/deficiency. The female 
athlete triad can lead to suboptimal bone accrual despite 
regular weight-bearing activity in female adolescent athletes. 
Recent evidence demonstrates that in addition to addressing 
the underlying low energy availability, transdermal estradiol 
should be considered an adjunct treatment for young female 
athletes with oligo-amenorrhea to improve skeletal health. 
It is essential to recognize that young male athletes can suf-
fer from the male athlete triad, a condition that parallels the 
female athlete triad and can lead to reduced BMD in the 
setting of low energy availability and reproductive hormonal 
suppression.

Funding C.S. is supported by the VA Eastern Colorado Geriatric 
Research, Education, and Clinical Center (GRECC), as well as R01 
HL151332 (Swanson PI, grant from NHLBI).

Fig. 1  Recommended screening 
questions for the Female and 
Male Athlete Triad, adapted 
from the Female and Male Ath-
lete Triad Coalition consensus 
statements [5, 73]

All Athletes:

- Do you worry about your weight?
- Are you trying or has anyone recommended that you lose or gain

weight?
- Are you on a special diet, or do you avoid certain types of foods or

food groups?
- Have you ever had an eating disorder?
- Have you ever had a stress fracture (or bone stress injury)?
- Have you ever been told that you have low bone density or

osteoporosis?

Female Athletes:

- Have you ever had a menstrual period?
- How old were you when you had your first

menstrual period?
- When was your most recent menstrual period?
- How many periods have you had in the past

12 months?
- Are you presently taking any female hormones

(estrogren, progesterone, birth control pills)?

Male Athletes:

- Have you ever been diagnosed with low
testosterone levels?*

- Do you have low libido (sex drive)?*
- Do you have morning erections?*
- Do you need to shave your facial hair less

frequently?*
*Recommended inclusion only for post-pubertal
athletes
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