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ARTICLE INFO ABSTRACT

Keywords: Vitamin D is pivotal for bone health, muscle strength, recovery, and overall athletic performance. This article
RED-S discusses the effects of vitamin D deficiency among athletes, with a specific focus on its connection to sports-
Female athlete triad related conditions like Relative Energy Deficiency in Sport (RED-S) and Juvenile Osteochondritis Dissecans
Bone stress injury (JOCD). Additionally, we review the importance of vitamin D for muscle strength and muscle repair. Vitamin D

Vitamin D deficiency exacerbates the risk of stress fractures in RED-S patients due to its impact on bone biology. Research

Stress fractures . . . . . . . . . e . .

och points to an increased incidence of vitamin D deficiency in JOCD patients, indicating a potential connection
between the condition and low vitamin D levels. Children and athletes should be screened for vitamin D defi-
ciency as supplementation has been found to have positive outcomes. This article underscores the pivotal role of
vitamin D in athletic performance. Further research is essential to elucidate how vitamin D deficiency con-
tributes to sports-related pathologies and to establish the optimal vitamin D levels for injury prevention in
athletes.

Introduction protective association against serum vitamin D levels and stress frac-

Early reports of vitamin D deficiency were first described in the mid-
1600s when physicians in Northern Europe began reporting on children
living in industrialized cities with severe deformities of the skeleton and
growth delay [1]. Bone mineralization is dependent upon vitamin D
through its vital role in the regulation of calcium and skeletal home-
ostasis [2,3]. The best method of measuring vitamin D status is by
measuring serum levels of 25(OH)D [1,2,4]. The American Academy of
Pediatrics defines vitamin D deficiency as 25 (OH)D levels of < 20 ng/
mL in children and adults and insufficiency as levels of 20 to 30 ng/mL
[4,5].

Vitamin D deficiency in sports has been well-studied in the litera-
ture. A meta-analysis found that winter season sports, indoor sports,
and living at higher latitudes increased the risk of vitamin D deficiency
in athletes [6]. A substantial amount of the literature focuses on the
influence of vitamin D deficiency and increased risk of stress fracture in
athletes [7]. Miller et al. over a 3-year period found that 83% of the
patients with imaging-confirmed stress fractures had deficiency levels
of vitamin D [8]. Another study looked at a population of National
Collegiate Athletic Association collegiate athletes and found a

tures [9,10]. In a national survey of cross-country runners across the
nation, female runners showed a 2-times greater risk of stress fracture
risk when compared to male counterparts [11]. The authors of this
study believed that male subjects were more likely to get stress frac-
tures based on overuse and participation in sports, whereas female
patients were at greater risk due to bone composition from lack of
nutritional support with supplements such as vitamin D [11]. However,
in recent years, the literature on the role of vitamin D has grown be-
yond stress fracture management and includes its metabolic role in
muscle repair and recovery and other pathologies such as Relative
Energy Deficiency in Sport (RED-S) and Juvenile Osteochondritis Dis-
secans (JOCD).

Vitamin D in muscle strength and muscle repair

Vitamin D has been shown to be associated with muscle functional
strength, repair, and recovery. Vitamin D receptors have been identified
in many tissues, including skeletal muscle [12,13]. A study of healthy
postmenarche girls showed vitamin D to be significantly associated
with muscle strength [14]. This study showed serum 25(OH)D
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concentrations to be positively related to muscle power, force, velocity,
and jump height [14]. One systematic review on the effect of vitamin D
supplementation on muscle strength found significant improvement in
proximal muscle, calf, and grip strength in patients with vitamin D
deficiency [12]. Vitamin D supplementation has been shown to improve
trabecular bone mineral density and muscle power [15]. Gilsanz et al.
looked at muscle lipid content as a measure of muscle strength and
found that low amounts of 25-(OH)D were significantly associated with
increased fatty muscle infiltration in healthy young women [16].

Vitamin D has also been shown to affect muscle repair after injury,
especially in athletes [12,13,17]. Pharmacological studies demonstrate
vitamin D to be inversely correlated with lactic acid, creatine kinase,
and total antioxidants after exercise. Higher serum levels of vitamin D
have been associated with reduced injury rates and improved sports
performance. Histopathological studies have shown muscle atrophy of
type 2 fibers is associated with vitamin D deficiency [12]. Vitamin D
deficiency contributes to muscle wasting and proximal muscle weak-
ness by promoting oxidative stress which favors the production of free
radicals within muscle fibers [13]. A recent randomized control trial of
20 healthy young men with low levels of 25(OH)D showed improved
functional recovery from eccentric exercise when supplemented with
vitamin D [13].

Relative energy deficiency in sport
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International Olympic Committee (IOC) recently came out with an
updated consensus statement on RED-S in September 2023 [20]. In this
update, the IOC defined specifically the different phases of energy
availability, ranging from low energy availability and adaptable energy
availability to RED-S to describe the syndrome of collective physiolo-
gical and psychological effects of prolonged or severe exposure to low
energy availability [20].

The underlying etiology of RED-S results when energy expenditure
exceeds energy intake leading to a decrease in energy availability [21].
Athletes with RED-S have insufficient energy to support functional
physiological performance let alone allow them to compete at high-
intensity levels. RED-S affects several systems, including metabolic rate,
menstrual function, bone health, immunity, protein synthesis, and
cardiovascular health [18]. These health irregularities can lead to im-
paired training tolerance, increased risk of injury, and compromised
sports performance [22,23]. In para-athletes, problematic low-energy
availability may lead to impaired bone health and a higher rate of
musculoskeletal injury due to the increased risk associated with altered
skeletal loading in these athletes [20].

Female athletes with RED-S have also been shown to have an in-
creased risk for stress fractures [24]. Barrack et al. showed a 30% to
50% increase in bone stress injury with RED-S associated symptoms and
variables [25]. Stress fractures can develop due to repetitive over-
loading of the extremity when normal bone biology is altered due to
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The understanding of RED-S, previously known as the Female
Athlete Triad, has greatly changed over the past few years. Previously,
RED-S was selectively studied in female high-level athletes with dis-
ordered eating habits who were at risk of osteopenia of amenorrhea
[18]. The definition has since changed and in 2014, the International
Olympic Committee changed the term “Female Athlete Triad” to RED-S
to describe low energy availability with or without disordered eating
patterns, amenorrhea, and low bone mineral density [19]. The

© Dr Gary Couanis 2017

deficiencies in essential bone building blocks like vitamin D in RED-S
[26]. One study found that among female distance runners, 63% of the
athletes had low energy availability and 45% had impaired bone health
as diagnosed on bone dual-energy x-ray absorptiometry [27]. It is well-
studied in the literature that adolescent girls are also at a higher risk of
RED-S [28]. A 2019 study of 390 athletes showed a higher risk of stress
fractures in teenage athletes aged 16 to 17 compared to athletes in their
20s [28]. The 2023 IOC consensus statement introduced an updated
screening tool with 4 category risk stratifications to help identify the
risk and/or severity of RED-S along with sport participation guidelines
for each level (Table 1) [20]. These preventative measures may be
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Table 1
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International Olympic Committee consensus indicators of RED-S [20].

Severe primary indicators

Primary indicators

Secondary indicators

Primary Amenorrhea (failure to menstruate by age 15 in
the presence of normal secondary sexual
development (2 SD above the mean of 13 years), or
within 5 years after breast development if occurring
before age 10

Secondary Amenorrhea (the absence of 3-11 consecutive
menstrual cycles) caused by Functional Hypothalamic
Amenorrhea (FHA)

Oligomenorrhoea caused by FHA (> 35 days
between periods for a maximum of 8 periods/year)

Prolonged Secondary Amenorrhea (absence of 12 or
more consecutive menstrual cycles due to FHA.

Sub-clinically low total or free testosterone (males: within
the lowest 25% (quartile) of the reference range)

History of 1 low-risk BSI (Bone Stress Injury)
within the previous 2 years and absence of < 6
months from training due to BSI in the previous 2
years

Clinically low free or total testosterone

Sub-clinically or clinically low total or free T3 (within or
below the lowest 25% (quartile) of the reference range)
History of > 1 high-risk (femoral neck, sacrum, pelvis) or
> 2 low-risk BSI (all other BSI locations) within the
previous 2 years or absence of > 6 months from training
due to BSI in the previous 2 years

Pre-menopausal children/adolescents: BMD Z-score* < —1
at the lumbar spine, or TBLH or decrease in BMD Z-score
from prior testing (can occur from bone loss or inadequate
bone accrual)

A negative deviation of pediatric or adolescent athlete’s
previous growth trajectory (height and/or weight)

An elevated score for the EDE-Q global > 2.30 in females;
> 1.68 in males) and/or clinically diagnosed eating

Elevated total or LDL cholesterol (above reference
range)

Clinically diagnosed depression and/or anxiety
(only one secondary indicator for either or both
outcomes)

disorder

Standing

Figure 1. a) JOCD of the talus; b) JOCD of the knee.

useful for optimizing performance in athletes while reducing the risk of
injury.

In RED-S, deficient nutritional intake leads to changes in hormone
levels like GnRH and estrogen which may cause abnormalities in
menstruation cycles [18,19,29]. Low estrogen also leads to decreased

osteoblastic and increased osteoclastic levels creating an environment ripe
for lower bone density [29]. One study looked at the dose-response re-
lationship between bone turnover and energy availability and found a
disturbance in the cycle of bone resorption and formation caused by se-
verely deficient energy availability [30]. Even in situations of short-term
low energy availability, studies show a decrease in markers of bone for-
mation likely caused by the deficiency in vital nutrients necessary for the
cycle of resorption and formation [31,32]. Male athletes are also at risk of
RED-S. Those at risk include cyclists, rowers, runners, jockeys, and athletes
in weight-class combat sports requiring cyclic changes in body mass and
composition [33]. Low energy availability in male athletes is associated
with decreased testosterone levels, decreased bone density, and decreased
resting metabolic rate [34]. A recent study in animal models found that
male mice who were subject to food restriction and access to an exercise
wheel showed low bone mineral density and lower levels of osteo-
blastogenesis akin to patients with RED-S [35]. When these mice were
given treatment with active vitamin D analogs, they found significant re-
storation of osteoblastic activities and improvement in bone mineral
density [35]. Regular supplementation of vitamin D may have a positive
effect on adolescent athletes, especially those at higher risk of RED-S, and
may prevent future injury.

Juvenile osteochondritis dissecans

JOCD is a joint disorder of the subchondral bone and articular
cartilage in young and active patients [36-39]. JOCD lesions form in
subarticular epiphyseal cartilage and subchondral bone [36-38].
Trauma, whether in the acute setting or through micro-repetitive
trauma, has generally been agreed upon in the literature as a major
cause of JOCD [39-43]. However, the exact etiology of JOCD is largely
unknown and may be multifactorial and include other factors such as
inflammation, ischemia, vascular abnormalities, and genetic factors
[36,42,44,45]. The clinical presentation of JOCD is highly variable,
with some children having no symptoms at all [39]. The diagnosis of
JOCD is dependent on imaging as other physical exam maneuvers have
shown to be less sensitive for diagnosis in patients with radio-
graphically proven OCD lesions [46]. Magnetic Resonance Imaging may
be useful to distinguish between irregular lesion types and provide
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information on size, character of lesion, stability on T2 sequences, and
overall health of the articular surface [36,39,47]. Reported treatment
strategies for JOCD vary widely in the literature, but surgery is usually
indicated for patients with unstable JOCD lesions and lesions that fail
non-operative intervention [36]. In stable lesions, some surgeons prefer
to use arthroscopic drilling with rates of healing reported as between
82% and 98% [48]. After the failure of knee JOCD primary surgical
intervention, alternative options may include the use of autograft and
allograft options [49,50] (Fig. 1).

Multiple studies have found that many patients with traumatic or
idiopathic JOCD have higher rates of vitamin D deficiency. A case-
control study done by Maier et al. found a high prevalence of vitamin D
deficiency in children diagnosed with JOCD [6]. A study of 80 patients
showed that those diagnosed with JOCD presented with a lower mean
25(0OH)D level compared with age-matched controls [6]. A study done
by Oberti et al. looked at a population of patients diagnosed with JOCD
and found patients who required surgery had a higher incidence of
vitamin D deficiency compared to those who were treated con-
servatively [51]. In JOCD of the ankle, studies have shown a similar
trend. Patients with osteochondral lesions of the talus showed higher
rates of vitamin D deficiency when compared to age-matched controls
with ankle sprains [52,53]. While the literature is still developing, vi-
tamin D supplementation may be useful for preventing JOCD. A pro-
spective pilot study of 23 patients with JOCD showed a 78% rate of
vitamin D deficiency among the entire study cohort [54].

Conclusion

Vitamin D deficiency in athletes should be evaluated because it can
impact athletic performance. RED-S and JOCD are 2 examples of pa-
thology seen in sports where vitamin D deficiency can have a negative
effect and where vitamin D supplementation has shown some promise.
Athletes with RED-S have insufficient energy to support functional
physiological performance let alone allow them to compete at high
intensity levels. Stress fractures can develop due to repetitive over-
loading of the extremity when normal bone biology is altered due to
deficiencies in essential bone building blocks like vitamin D in RED-S.
Many patients with traumatic or idiopathic JOCD have higher rates of
vitamin D deficiency, and patients who required surgery had a higher
incidence of vitamin D deficiency compared to those treated con-
servatively. Vitamin D supplementation can also lead to protective and
positive effects on muscle repair and recovery. Protecting bone health
in the skeletally immature athlete population is essential as developing
bone relies upon sufficient levels of vitamin D. Further research is
needed to understand how vitamin D deficiency directly affects sports-
related pathology and what the optimal level of vitamin D may be for
preventing injury.
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