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Abstract

Background: Vitamin D is a steroid hormone precursor involved in calcium-phosphate
homeostasis, skeletal mineralization and several biological processes relevant to muscle tissue.
In sport and physically active populations, vitamin D status is discussed in relation to training
location, season, sunlight exposure, muscle strength, recovery, stress fractures and injury
prevention. However, the current evidence is heterogeneous, and the effect of
supplementation on performance is not uniform across populations.
Aim: The aim of this narrative review was to synthesize open-access PubMed-indexed
evidence from 2017-2026 concerning vitamin D deficiency, physical activity and
musculoskeletal health, with particular attention to athletes, exercise performance, muscle
function, bone health and supplementation strategies.
Materials and Methods: A narrative literature review was prepared using articles published
from 2017 to 2026 and indexed in PubMed or available through PubMed Central. The
included literature comprised narrative reviews, systematic reviews, meta-analyses,
randomized controlled trials, observational studies, and mechanistic studies relevant to
vitamin D metabolism, deficiency, physical activity, muscle function, athletic performance
and musculoskeletal injury.
Results: The analyzed literature consistently shows that vitamin D deficiency is common
worldwide and may be particularly relevant in groups with limited sun exposure, indoor
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training, winter season training, obesity, older age, or increased skeletal loading. Mechanistic
and clinical studies support a biological role of vitamin D in muscle function, regeneration
and bone metabolism. In athletes, low 25-hydroxyvitamin D concentration is frequently
reported and may be associated with impaired musculoskeletal health, but supplementation
does not consistently improve performance when baseline status is adequate. Meta-analyses
indicate that outdoor physical activity is more strongly associated with increased 25-
hydroxyvitamin D concentration than indoor exercise, suggesting that sunlight exposure is a
key modifier.
Conclusions: Vitamin D deficiency should be considered a modifiable factor relevant to
musculoskeletal health in physically active individuals and athletes. The strongest practical
rationale for screening and supplementation applies to deficient individuals, athletes training
indoors or during low-sunlight seasons, older adults, and people at risk of bone or muscle
impairment. Current evidence supports individualized prevention rather than indiscriminate
high-dose supplementation for all athletes.
Keywords: vitamin D deficiency; 25-hydroxyvitamin D; physical activity; musculoskeletal
health; athletes; supplementation; stress fractures.

1. Introduction
Vitamin D deficiency remains one of the most widely discussed nutritional and endocrine
problems in contemporary public health and sports medicine. It is clinically important
because vitamin D participates in calcium and phosphate regulation, skeletal mineralization
and neuromuscular function. At the same time, it is conceptually difficult because the
interpretation of serum 25-hydroxyvitamin D [25(OH)D] is affected by season, latitude, skin
pigmentation, adiposity, dietary intake, sunlight exposure, supplementation and analytical
variation. A global update described vitamin D deficiency as a continuing worldwide problem,
while also emphasizing that prevalence estimates depend strongly on the cut-off used to
define deficiency or insufficiency [1]. Contemporary reviews of vitamin D sources,
metabolism and deficiency show that the same nutrient can be discussed as a dietary factor, a
sunlight-dependent prohormone and a clinical biomarker [2].
The musculoskeletal focus of this review is justified by two overlapping lines of evidence.
First, vitamin D has a well-established relationship with bone mineral metabolism, and
deficiency is relevant to osteomalacia, reduced bone health and stress fracture risk. Reviews
in sport have therefore considered vitamin D as a potentially modifiable factor in stress
fracture prevention and therapeutic management [30,37]. Second, experimental and clinical
literature has increasingly examined vitamin D in relation to skeletal muscle, including
muscle strength, satellite cell function, mitochondrial activity, recovery after exercise-induced
muscle damage and age-related sarcopenia [9-12,19-21].
A simple interpretation that higher vitamin D always improves athletic performance would
not be supported by the literature. Several athlete-focused reviews and meta-analyses show
that supplementation reliably increases serum 25(OH)D in deficient or insufficient individuals,
but the translation into strength, power, endurance, recovery or injury reduction is
inconsistent [31-35]. This inconsistency is not a contradiction in the evidence; it reflects
differences in baseline status, intervention dose, duration, training environment, sport type,
outcome measure and season. For that reason, a narrative synthesis is useful because it can
integrate mechanistic plausibility, clinical observations and randomized intervention trials
without reducing the question to a single pooled estimate.
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The aim of this narrative review was to PubMed and PubMed Central literature published
from 2017 to 2026 on vitamin D deficiency, physical activity and musculoskeletal health.
Particular attention was given to athletes, soccer players, older adults, schoolchildren,
postmenopausal women, exercise interventions, muscle function, bone health, stress fractures
and supplementation strategies. The practical goal was to identify where the evidence is
strong enough for reasonable sports medicine recommendations and where caution is
necessary.

2. Research materials and methods

2.1. Participants
This was a narrative review; therefore, no original participants were recruited and no direct
clinical intervention was performed. The populations represented in the included literature
were diverse and included healthy adults, overweight or obese adults, older adults,
schoolchildren, postmenopausal women, professional athletes, collegiate athletes, elite
athletes, soccer players, rowers and other trained sport participants [13,18-23,24-43].
The included evidence also contained experimental and mechanistic literature on skeletal
muscle repair and regeneration, including animal and cell-model studies. These studies were
used only to support biological plausibility and were not treated as direct evidence of
performance improvement in athletes [10-12].
The athlete populations were especially relevant because they represent individuals exposed
to high training loads, repetitive mechanical stress and sport-specific injury risk. However, the
review also included non-athlete populations because the relationship between vitamin D,
muscle function and physical activity cannot be understood only from elite sport. Older adults
and children provide useful evidence on strength, functional performance and long-term
supplementation, while postmenopausal women and overweight adults provide evidence on
combined interventions with exercise and vitamin D [18-23].

2.2. Procedure / Test protocol / Measure / Instruments
The literature was organized around the following domains: vitamin D metabolism and
deficiency, epidemiology and risk factors, physical activity and sunlight exposure, skeletal
muscle function and regeneration, bone health and stress fractures, athlete monitoring,
performance outcomes, and supplementation safety.
Across the included studies, vitamin D status was most commonly evaluated by serum
25(OH)D concentration. This biomarker was discussed in relation to season, sun exposure,
supplementation, training location and clinical thresholds. The review did not impose one
universal cut-off for deficiency because several papers highlight that definitions vary between
guidelines and scientific communities [1-4,8].
Outcome measures in the analyzed studies included serum 25(OH)D concentration, muscle
strength, muscle power, grip strength, explosive leg power, cardiorespiratory fitness, aerobic
capacity, sprint speed, VO2max, physical function tests, body composition, bone resorption
markers, stress fracture occurrence, musculoskeletal injury indicators and biochemical
markers of recovery or hormonal status [16-23,32-43].
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2.3. Data collection and analysis / Statistical analysis
The review was based on publications identified as relevant to the topic of vitamin D
deficiency, physical activity and musculoskeletal health. The final set included narrative
reviews, systematic reviews, meta-analyses, randomized controlled trials, observational
studies and mechanistic studies. Evidence was extracted qualitatively and synthesized
thematically rather than by performing a new meta-analysis.
The synthesis prioritized biological plausibility, consistency across study designs,
applicability to sport and clinical relevance. Because the included studies varied substantially
in populations, supplementation protocols, baseline vitamin D status and performance
outcomes, statistical pooling was not performed in this manuscript. Conclusions were
formulated conservatively, especially when evidence came from observational associations or
small intervention trials.

2.3.1. Statistical Software
No new statistical analysis was performed for this narrative review. The reviewed studies
used a range of statistical methods appropriate to their designs, including meta-analytic
pooling, between-group comparisons, regression analyses and descriptive statistics. Because
no primary dataset was created, no statistical software was required for the present manuscript.

2.3.2. AI

In preparing this work, the author(s) used ChatGPT for the purpose of organization of the text,
language editing and consistency of formatting with the target review structure. After using
this tool/service, the author(s) have reviewed and edited the content as needed and accept full
responsibility for the substantive content of the publication.

2.3.3. Statistical Methods
The manuscript used descriptive and thematic synthesis. No p-values, confidence intervals or
pooled effect sizes were calculated by the author. Numerical findings reported from individual
studies or meta-analyses were interpreted according to the original publications, with attention
to baseline vitamin D status, intervention setting and study limitations.

3. Research results

3.1. Vitamin D metabolism, sources and definitions of deficiency
Vitamin D is obtained from cutaneous synthesis under ultraviolet B exposure and from
dietary or supplemental sources. It is hydroxylated in the liver to 25(OH)D and then
converted primarily in the kidney to the active hormonal form, 1,25-dihydroxyvitamin D. The
circulating 25(OH)D concentration is the most commonly used clinical marker of vitamin D
status because it reflects both endogenous synthesis and exogenous intake [2].
The clinical interpretation of vitamin D status is not completely uniform. Reviews of
deficiency emphasize that different organizations use different thresholds for deficiency,
insufficiency and sufficiency [1,8]. This matters for sport because an athlete classified as
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insufficient under one threshold may be classified as adequate under another. It also affects
prevalence estimates, intervention eligibility and the interpretation of performance studies.
Polish recommendations updated in 2023 provide a useful regional reference for Central and
Eastern Europe, where winter sunlight exposure is limited and seasonal decreases in 25(OH)D
are expected [3]. A parallel review on supplementing vitamin D in different patient groups
stresses that prevention and treatment should account for age, body weight, baseline status,
comorbidities and risk category rather than using the same dose for every individual [4].
Safety is also part of definition and dosing. Vitamin D toxicity is uncommon but clinically
important, especially when very high doses are used without monitoring. The clinical
perspective on toxicity describes hypercalcemia-related manifestations and emphasizes that
excessive, unsupervised supplementation can be harmful [5]. Therefore, the sports medicine
question is not whether vitamin D is important, but how to maintain adequate status without
unnecessary testing, exaggerated claims or unsafe dosing.

3.2. Epidemiology and determinants of deficiency
The global literature shows that low vitamin D status is common across many regions and
demographic groups [1]. Major determinants include limited sunlight exposure, winter season,
high latitude, darker skin pigmentation, aging, adiposity, low dietary intake, covering clothing
and chronic disease. Athletes share several of these determinants with the general population,
but sport adds specific circumstances: indoor facilities, early-morning or evening training,
travel across latitudes, competition schedules and use of sunscreen or clothing that reduces
ultraviolet exposure [24-29].
The fact that athletes are physically active does not automatically protect them from
deficiency. Reviews focused on athletes describe vitamin D insufficiency among competitors
in different sports and emphasize that risk depends strongly on training environment and
season [24-28]. Indoor athletes and athletes training during winter are especially likely to
have inadequate 25(OH)D concentration, while outdoor athletes may still be at risk if sun
exposure is insufficient or if dietary intake is low.
The concept of personalized vitamin D prevention is increasingly emphasized. Precision-
nutrition approaches argue that baseline status, genetic factors, body composition, sun
behavior and lifestyle should influence supplementation plans rather than relying on one
universal strategy [7]. This approach is compatible with sports medicine, where athletes differ
in body mass, training periodization, travel, skin exposure, competition calendar and injury
history.

3.3. Biological links with muscle function and repair
Vitamin D has a plausible biological relationship with skeletal muscle. Recent reviews on
muscle health discuss associations between vitamin D and muscle strength, mitochondrial
function, neuromuscular performance and metabolic regulation [9]. These mechanisms do not
prove that supplementation improves performance in every person, but they explain why
deficiency may be relevant when muscle function is already compromised.
Experimental literature on skeletal muscle repair and regeneration suggests that vitamin D
signaling may participate in repair after injury or exercise-related muscle damage. The
systematic review by Agoncillo and colleagues summarized animal and human evidence and
concluded that vitamin D may influence muscle repair pathways, although the translation
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from models to clinical sport remains incomplete [10]. A separate review on recovery after
muscular damage following exercise emphasized the possible role of vitamin D in
inflammation, oxidative stress and repair processes after intense exercise [11].
Satellite cells are central to skeletal muscle regeneration. The systematic review on vitamin D
and satellite cells found that vitamin D-related signaling may influence satellite cell activity in
vivo, but the available literature is heterogeneous and many studies are preclinical [12]. In
practical terms, these studies support a biological rationale for maintaining sufficiency, but
they do not justify assuming that high-dose supplementation will accelerate recovery in
athletes who already have adequate status.
The distinction between correcting deficiency and enhancing performance is essential.
Deficiency may impair normal muscle physiology, while supplementation beyond sufficiency
may not create additional benefits. This distinction explains why observational studies often
show associations between low vitamin D and worse muscle outcomes, whereas randomized
trials in mixed or sufficient populations can show weak or inconsistent effects [19-21,32-35].

3.4. Physical activity, outdoor exposure and vitamin D status
Physical activity and vitamin D are strongly connected in public discussion, but the
relationship is partly confounded by outdoor time. The 2024 systematic review and meta-
analysis by Khan and colleagues found that physical activity interventions increased serum
25(OH)D overall, but the effect was concentrated in outdoor interventions; indoor activity did
not show the same independent effect [13]. This finding is important because it suggests that
sunlight exposure rather than muscular work itself is the main driver of increased vitamin D
status in many exercise studies.
The 2026 meta-analysis comparing location of physical activity reached a similar conclusion.
Outdoor physical activity was more effective for improving vitamin D status, whereas indoor
exercise showed negligible effect compared with controls [14]. For sports medicine, this
means that coaches and clinicians should not assume that training volume alone protects
vitamin D status. The relevant variable is often where and when training occurs.
The interaction between vitamin D and physical activity may also be bidirectional. The
review on vitamin D and physical activity as co-modifiers of muscle health and metabolism
argues that exercise and vitamin D may interact through muscle metabolism, insulin
sensitivity, inflammation and mitochondrial pathways [15]. This does not mean that the two
interventions are interchangeable. Instead, it supports an integrated lifestyle model in which
adequate vitamin D status may help preserve musculoskeletal function while exercise
improves metabolic and functional outcomes.
Meta-analyses examining vitamin D supplementation combined with exercise in adults
suggest that combined interventions may affect metabolic outcomes and 25(OH)D
concentration, especially in overweight or obese individuals [16,17]. A pilot randomized trial
in overweight or obese older adults with vitamin D deficiency found that supplementation and
exercise did not improve all physical and metabolic outcomes, illustrating again that effects
depend on study design, sample size, baseline status and outcome selection [18].

3.5. Evidence in older adults, schoolchildren and postmenopausal women
Older adults are highly relevant because vitamin D deficiency, sarcopenia, falls and reduced
physical performance frequently coexist. In a randomized controlled trial, vitamin D
supplementation was studied in relation to muscle power, strength and physical performance
in older adults [19]. Observational evidence from community-dwelling older adults showed
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that deficiency was associated with impaired muscle strength and physical performance [20].
These findings are clinically important because reduced strength and power are directly linked
to independence, mobility and fall risk.
However, the evidence for supplementation in sarcopenia is not uniformly strong. A 2024
systematic review and meta-analysis on vitamin D supplementation and sarcopenia
parameters in older people summarized trials with heterogeneous populations and outcomes
[21]. The overall message is cautious: supplementation may be most rational in deficient
individuals, but it should not replace resistance training, adequate protein intake and
comprehensive geriatric care.
Evidence from children and adolescents also contributes to the topic. In Mongolian
schoolchildren, long-term weekly oral vitamin D supplementation was assessed for secondary
outcomes including muscle strength and exercise capacity [22]. Such studies are valuable
because they test whether improving vitamin D status translates into objective physical
outcomes during growth. Nevertheless, the findings have to be interpreted in context,
including baseline deficiency prevalence, school environment, growth stage and outcome
sensitivity.
In postmenopausal women with overweight or obesity, vitamin D3 supplementation
combined with aerobic water-based training was reported to enhance some physical fitness
indices [23]. This population differs from athletes, but it illustrates a clinically relevant
principle: vitamin D supplementation may be more meaningful when combined with
structured exercise and when participants have risk factors for impaired musculoskeletal
function.

3.6. Vitamin D in athletes: prevalence, monitoring and practical relevance
Athlete-focused reviews consistently identify vitamin D as a relevant but not isolated factor in
performance and injury prevention. The review by de la Puente Yague and colleagues
described current concepts and trends in vitamin D and athletic performance, including the
potential influence on muscle function, bone health and immune processes [24]. The narrative
review by Ksiazek and colleagues focused more directly on skeletal muscle function and
athletic performance, concluding that vitamin D status may matter particularly when
deficiency is present [25].
Owens, Allison and Close emphasized that vitamin D poses new challenges for athletes
because sport-specific routines can create unexpected deficiency risk despite high fitness [26].
Yoon and colleagues similarly focused on physical performance and musculoskeletal injuries,
presenting vitamin D as a field-relevant factor for athletes but not as a guaranteed ergogenic
aid [27].
The review by Ip and colleagues is especially practical because it integrates laboratory,
clinical and field perspectives. It highlights the need to connect measured 25(OH)D
concentration with symptoms, injury risk, training environment and clinical decision-making
rather than treating the laboratory value in isolation [28]. This approach is useful in team
sports, where screening, supplementation and follow-up may need to be implemented at squad
level.
An editorial and review literature on vitamin D and sport performance also argues for
attention to sufficiency, but the evidence should be interpreted carefully [29]. If an athlete is
deficient, correction is biologically and clinically reasonable. If an athlete is already sufficient,
the expectation of additional performance gains is weaker and should not be exaggerated.
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3.7. Athletic performance, strength and power
Performance outcomes are the most attractive but also the most uncertain part of the vitamin
D literature. Systematic reviews in elite athletes suggest that supplementation can increase
serum 25(OH)D and may benefit selected performance domains, yet the magnitude and
consistency of effects vary [31]. This is expected because performance is multifactorial and
depends on training, genetics, recovery, nutrition, sleep, psychological state and technical
skill.
Meta-analyses focused on strength and power in athletes provide a more precise interpretation.
Han and colleagues examined vitamin D3 supplementation in randomized controlled trials
and analyzed serum 25(OH)D and strength outcomes in athletes [32]. Sist and colleagues
assessed maximal strength and power and found that evidence remains heterogeneous [33].
Zhang and colleagues analyzed upper and lower limb strength and muscle power and
similarly highlighted variability between trials [34]. These meta-analyses are useful because
they prevent overreliance on individual positive studies.
The review by Wicinski and colleagues on physical efficiency and exercise performance also
supports a cautious interpretation: vitamin D may be relevant to exercise capacity, but it is not
a simple performance supplement for all athletes [35]. The most defensible conclusion is that
deficiency correction is part of musculoskeletal health management, while performance
enhancement in already sufficient athletes remains uncertain.
The practical consequence is that vitamin D should be framed as a health-supportive
intervention rather than a primary ergogenic strategy. Coaches and clinicians may reasonably
monitor athletes at risk, correct deficiency and consider seasonally appropriate
supplementation, but they should avoid presenting vitamin D as a substitute for evidence-
based training, load management, sleep, energy availability and recovery planning.

3.8. Bone health, stress fractures and musculoskeletal injuries
The skeletal role of vitamin D is better established than many proposed extraskeletal effects.
Vitamin D supports calcium and phosphate homeostasis, and deficiency can impair bone
mineralization. In sport, this is particularly relevant to stress fractures, where repetitive
loading, low energy availability, menstrual dysfunction, low bone mineral density and
insufficient vitamin D may interact [30].
The narrative review on vitamin D and stress fractures in sport summarized preventive and
therapeutic measures and supports attention to vitamin D status in athletes at risk of bone
stress injury [30]. This does not mean vitamin D is the only cause of stress fracture. It should
be integrated into a broader risk assessment that includes training load progression,
biomechanics, nutrition, sex-specific factors and previous injury.
Observational evidence in collegiate athletes also supports clinical attention. Millward and
colleagues reported an association between serum vitamin D levels and stress fractures in
collegiate athletes [37]. Such observational studies cannot prove causality, but they are
relevant in sports medicine because stress fractures are consequential, recurrent and
potentially preventable.
Vitamin D practice patterns in National Collegiate Athletic Association Division I athletic
programs show that screening and supplementation are already used in sports settings, but
approaches vary [36]. Variation in practice can reflect uncertainty in the evidence, differences
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in athlete risk profiles and institutional policies. It also indicates the need for practical
protocols that distinguish deficiency correction from unnecessary supplementation.

3.9. High-dose supplementation and sport-specific intervention studies
High-dose supplementation has been studied in elite athletes, but interpretation requires
caution. Owens and colleagues assessed high-dose vitamin D supplementation in elite athletes
and showed that supplementation can correct status, yet performance changes should not be
assumed without context [38]. High-dose strategies may be useful for rapid correction under
supervision, but they should not become routine without monitoring because toxicity and
inappropriate dosing are real clinical concerns [5].
Sport-specific trials provide useful but narrow evidence. Mielgo-Ayuso and colleagues
studied vitamin D supplementation in elite male traditional rowers and evaluated
hematological values and muscle recovery [39]. This type of study is valuable because it
examines a real training population, but the results may not generalize to all athletes because
rowing has specific energy demands, training environments and seasonal patterns.
Soccer has a particularly rich body of evidence in the included bibliography. Michalczyk and
colleagues evaluated sunlight and oral vitamin D3 supplementation in elite soccer players,
including serum 25(OH)D concentration and exercise performance [40]. Jastrzebska and
colleagues examined whether vitamin D supplementation could improve aerobic capacity in
well-trained youth soccer players [41]. Another one-year study in young soccer players
considered seasonal 25(OH)D changes, bone resorption markers, performance and the effect
of lockdown conditions [42]. Brzezinski and colleagues reported correlations between the
positive effect of vitamin D supplementation and physical performance in young male soccer
players [43].
Taken together, soccer studies illustrate three practical points. First, seasonal fluctuation is
important and can be large in young athletes [42]. Second, sunlight exposure and
supplementation can both influence serum 25(OH)D concentration [40]. Third, performance
outcomes are not uniform and should be interpreted as potentially dependent on baseline
deficiency, age, training load and intervention duration [41,43].

3.10. Supplementation strategies and safety
Supplementation is most clearly justified when deficiency is present or when risk is high.
Polish guidelines and broader supplementation reviews emphasize prevention and treatment
according to age, risk group, body weight and clinical context [3,4]. For athletes, the same
logic should be applied: indoor athletes, winter-season athletes, athletes with previous stress
fracture, athletes with low sun exposure and athletes with symptoms or risk factors may
require targeted assessment.
The evidence does not support indiscriminate high-dose supplementation for all physically
active people. Personalized supplementation frameworks argue that supplementation plans
should account for baseline status, lifestyle, sunlight exposure and individual risk [7]. This is
consistent with current controversies in vitamin D research, where routine testing and
universal supplementation are debated for low-risk healthy populations [8].
Safety must remain visible in sports practice. Vitamin D toxicity is usually associated with
excessive intake rather than sun exposure, and it can produce hypercalcemia and related
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symptoms [5]. Because athletes may use multiple supplements simultaneously, education is
necessary to prevent accidental high intake from overlapping products.
In practical terms, supplementation can be considered as a three-step process. First, identify
risk: season, latitude, indoor training, prior stress fracture, dietary restriction, obesity, low sun
exposure or clinical symptoms. Second, measure serum 25(OH)D when clinically justified or
according to team protocol. Third, correct deficiency using evidence-based doses and recheck
when appropriate. This approach avoids both neglect of deficiency and uncritical supplement
use.

3.11. Synthesis of evidence quality and research gaps
The included literature provides strong evidence that vitamin D is biologically relevant to
bone health and plausible evidence that deficiency may impair muscle function. It also
provides consistent evidence that serum 25(OH)D can be raised by supplementation and
outdoor sunlight exposure. However, the evidence is less consistent for direct improvements
in athletic performance, especially among already sufficient athletes [31-35].
Several gaps remain. Many intervention trials have small samples, short durations, mixed
baseline vitamin D status and heterogeneous outcomes. Some studies measure serum changes
without sufficiently powered performance outcomes. Other studies examine performance
outcomes but do not control fully for training load, sunlight exposure, diet, energy availability
or seasonal timing. These limitations explain why meta-analyses can detect biochemical
effects more consistently than sport performance effects [32-35].
Another gap concerns injury prevention. The association between low vitamin D and stress
fractures is clinically plausible and supported by observational evidence [30,37], but
prospective trials proving that supplementation reduces injury incidence in athletes are more
difficult to conduct. Such trials require large samples, careful control of training load and long
follow-up. Until then, vitamin D should be considered one component of bone stress injury
prevention, not a standalone solution.
Finally, future research should distinguish health restoration from performance enhancement.
Trials should stratify athletes by baseline 25(OH)D concentration, include sufficient follow-
up, account for season and outdoor exposure, and use sport-specific performance endpoints.
This would help identify which athletes benefit most and prevent overgeneralization from
deficient clinical populations to already sufficient elite performers.
Finally, future studies should include safety and adherence. Supplementation trials often focus
on whether 25(OH)D increases, but real-world sport requires knowledge about adherence,
total supplement burden, side effects, cost, athlete beliefs and monitoring frequency. This is
especially important for high-dose protocols, which may be efficient for correction but require
clinical oversight [5,38].
Research should also avoid overbroad performance outcomes. Maximal strength, repeated
sprint ability, endurance capacity, jump power, recovery markers and injury incidence are not
interchangeable. A supplement may affect one outcome and not another. Athlete studies
should therefore choose endpoints that match the sport and the proposed mechanism. For
example, a soccer study might include sprint, jump, aerobic capacity and injury surveillance,
whereas a rowing study may focus on endurance, recovery and hematological markers [39-43].
Another research priority is standardizing exposure assessment. Studies should report not only
supplementation dose and baseline 25(OH)D, but also training location, sunlight exposure,
latitude, season, skin coverage, sunscreen use and diet. Without these variables, it is difficult
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to know whether changes in vitamin D status are caused by tablets, sun exposure, training
camps or lifestyle changes [13,14,40,42].
Future research for a sports-oriented journal should aim to separate three questions that are
often mixed together. The first question is whether vitamin D deficiency is common in a
defined athlete group. The second is whether deficiency is associated with injury or lower
performance. The third is whether supplementation improves clinically or sport-relevant
outcomes. Each question requires a different study design. Prevalence studies need
representative samples and seasonal sampling. Association studies need adjustment for
training load, sex, body composition and sun exposure. Intervention studies need baseline
deficiency stratification and sport-specific endpoints [24-28,31-37].

3.14. Implications for future Quality in Sport research
The fifth step is outcome interpretation. If an athlete reports improved performance after
supplementation, this should be interpreted cautiously because performance changes can
result from training adaptation, recovery, psychological expectations, season progression,
injury resolution or other nutritional changes. The most defensible outcome of
supplementation is correction of deficiency. Performance improvements may occur in some
deficient athletes, but they should be treated as possible secondary outcomes rather than
guaranteed effects [32-35,38].
The fourth step is follow-up. Measuring 25(OH)D after intervention may be useful in high-
risk athletes or after high-dose correction. It can confirm response, detect non-adherence and
prevent excessive levels. In team settings, follow-up also helps evaluate whether the protocol
is practical. For example, if many athletes remain low after winter supplementation, the
program may need to address adherence, dose, timing, or hidden risk factors such as low
energy availability or malabsorption [3-5,36].
The third step is intervention. For deficiency, supplementation should follow established
guidance and account for body mass, baseline concentration and clinical risk [3,4]. For
athletes with borderline status and low-risk profiles, moderate supplementation or lifestyle
modification may be sufficient. For athletes with recurrent stress injuries or severe deficiency,
supervised correction and follow-up are more appropriate. Importantly, supplementation
should be integrated with adequate energy availability, calcium intake, protein intake,
progressive loading and recovery, because vitamin D alone cannot correct a poor training or
nutrition environment [30,37].
The second step is laboratory assessment when the risk profile justifies it. Serum 25(OH)D
remains the central marker, but it should be interpreted with knowledge of timing. A winter
measurement and a late-summer measurement may represent different biological contexts. If
an athlete is assessed after a sunny training camp, the result may not represent the competitive
season. If assessment occurs during lockdown, indoor rehabilitation or injury-related absence
from outdoor training, status may decline compared with normal conditions [40,42].
Based on the reviewed literature, a practical pathway can be proposed for active populations.
The first step is contextual screening, not immediate supplementation. Contextual screening
includes season, latitude, type of sport, indoor versus outdoor training, clothing habits, travel,
dietary restriction, supplement use, previous deficiency, previous stress fracture and
symptoms such as unexplained muscle weakness or bone pain. This step can identify athletes
who need further assessment without converting vitamin D management into routine testing
for everyone [8,13,14,28].
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3.13. A proposed management pathway for vitamin D in active populations
From the perspective of athlete education, the key message should be balanced. Athletes
should understand that deficiency may reduce the biological capacity for optimal
musculoskeletal adaptation, yet supraphysiological supplementation is not an evidence-based
shortcut to better results. Such communication may reduce both neglect and overuse. It also
aligns with the pattern seen in meta-analyses: biochemical correction is common, whereas
consistent performance improvement is not guaranteed [31-35].
The role of the coach is different from the role of the physician or dietitian. Coaches can
identify training-environment risks and encourage referral, but they should not prescribe high-
dose vitamin D. Sports physicians and dietitians can evaluate blood results, comorbidities,
total supplement intake and contraindications. This division of responsibilities is important
because vitamin D is often perceived as harmless, even though toxicity can occur with
inappropriate dosing [5].
For low-risk athletes, education may be sufficient. This includes information on dietary
sources, safe sunlight exposure and avoiding unmonitored high-dose supplementation. For
moderate-risk athletes, seasonal supplementation or targeted testing may be considered
according to local guidelines. For high-risk athletes, serum 25(OH)D testing and supervised
correction are more defensible because the clinical consequences of untreated deficiency may
be greater [3-5,28,30].
A reasonable sports-medicine protocol would begin with risk classification. Low-risk athletes
include those with regular outdoor exposure during high-ultraviolet months, varied diet, no
history of bone stress injury and no clinical risk factors. Moderate-risk athletes include those
training indoors, during winter, at high latitude or with limited dietary intake. High-risk
athletes include those with stress fractures, recurrent musculoskeletal injury, low energy
availability, eating disorders, malabsorption, obesity, dark skin pigmentation in low-sunlight
climates, or previous documented deficiency [3,4,26,30,37].
Outdoor athletes require a more nuanced assessment. Soccer, running and rowing may
involve outdoor training, but outdoor status is not enough to guarantee sufficiency. Training
may occur early in the morning or late in the evening, athletes may use covering clothing, and
the effective ultraviolet B dose may be low during winter or at high latitudes. This explains
why soccer studies still report seasonal changes and supplementation effects despite outdoor
training exposure [40-43].
The reviewed evidence can be translated into several practical sports settings. In indoor sports
such as basketball, volleyball, gymnastics, combat sports and swimming, high training
volume does not automatically increase ultraviolet exposure. These athletes may spend most
training hours inside and may travel between indoor venues during winter. For them, vitamin
D risk assessment should focus less on total training hours and more on daylight exposure,
season and dietary intake [24,26,28,36].

3.12. Practical interpretation for sports settings
The fourth recommendation is to avoid overclaiming performance effects. The current
evidence supports vitamin D sufficiency as a health target, but systematic reviews and meta-
analyses do not justify presenting supplementation as a universal performance enhancer [31-
35]. A scientifically responsible message is that correction of deficiency may remove a barrier
to normal adaptation, while extra supplementation in sufficient athletes has uncertain benefit.
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The third recommendation is to integrate vitamin D with broader musculoskeletal care. Stress
fracture prevention also requires progressive training load, adequate energy and calcium
availability, menstrual health assessment when relevant, recovery management, footwear and
biomechanical evaluation [30,37]. Muscle performance requires structured training, sleep,
protein and energy availability in addition to micronutrient sufficiency [9-12,15].
The second recommendation is to correct deficiency but avoid indiscriminate high-dose use.
Supervised supplementation can be effective for raising 25(OH)D, including in athletes, but
toxicity literature and supplementation controversies support caution [5,8,38]. Dose selection
should follow clinical guidelines and should consider total intake from all supplements.
The first practical recommendation is to prioritize risk-based assessment. Testing or
supplementation is most defensible in athletes and active individuals with limited sun
exposure, indoor training, winter training, high latitude residence, prior stress fracture,
recurrent musculoskeletal injury, obesity, dietary restriction, malabsorption or previous
documented deficiency [3,4,26,28,30,37].

3.17. Summary of practical recommendations emerging from the review
A Quality in Sport perspective is therefore useful because it connects health, movement and
performance. The journal's broad sport-and-health context allows vitamin D to be discussed
not only as a biochemical marker but also as an element of participation in physical activity,
injury prevention and long-term musculoskeletal quality of life. Such framing avoids the
narrow question of whether vitamin D is an ergogenic aid and instead asks how adequate
status contributes to safe, sustainable physical activity.
For older adults, the central outcome is not competition performance but independence, fall
prevention, walking ability and capacity to perform daily activities. For children, the question
is healthy growth and functional development. For postmenopausal women and overweight
adults, combined exercise and supplementation may support musculoskeletal and metabolic
goals, but the effect depends on adherence and baseline deficiency. These groups reinforce the
same principle observed in athletes: vitamin D is most meaningful as part of an integrated
intervention, not as an isolated solution [18,21-23].
Although the sport-specific literature is central to this manuscript, the topic also has broader
public health relevance. Physical inactivity, aging, obesity and limited outdoor exposure are
common in the general population. Vitamin D deficiency may therefore interact with reduced
muscle strength and poor physical function outside elite sport. Studies in older adults,
schoolchildren, postmenopausal women and overweight populations show that the vitamin D-
exercise relationship is clinically relevant across the lifespan [16-23].

3.16. Public health relevance beyond elite sport
Another practical issue is that vitamin D status can become a surrogate marker of healthy
behavior. Athletes with higher 25(OH)D may also have more outdoor training, better diet
quality, lower adiposity or more structured recovery. Observational associations between
vitamin D and performance or injury can therefore be confounded. This is why randomized
trials and meta-analyses are essential, and why their mixed results should temper strong
causal claims [13,19,20,32-35,37].
Laboratory thresholds should also be interpreted as clinical decision tools rather than absolute
performance thresholds. The literature on deficiency controversies shows that cut-offs vary,
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and the evidence supporting one universal optimal level for athletic performance is not
definitive [1,8]. In practice, the goal should be to prevent clinically meaningful deficiency and
maintain a range compatible with bone and muscle health. Claims that athletes require very
high concentrations for peak performance remain insufficiently proven.
The timing of blood sampling can strongly affect interpretation. An athlete tested after
summer holidays, an outdoor training camp or a period of intense sun exposure may appear
sufficient, whereas the same athlete may become insufficient during winter competition.
Conversely, testing during injury rehabilitation, illness or lockdown-like conditions may
identify a temporary decline that reflects reduced outdoor exposure. Longitudinal soccer
studies demonstrate that seasonal and environmental changes can materially alter 25(OH)D
concentrations across a training year [40,42].
Interpreting serum 25(OH)D in sport requires caution because the measurement is a marker of
exposure and stores rather than a direct performance variable. A low value may indicate
inadequate sunlight exposure or intake, but it may also coexist with other factors that more
directly influence performance, such as low energy availability, insufficient carbohydrate
intake, sleep restriction, illness, high training load or psychological stress. Therefore, a low
25(OH)D concentration should prompt a wider clinical and nutritional assessment rather than
an isolated prescription [2,3,8,28].

4. Discussion
The present narrative review indicates that vitamin D deficiency is relevant to physical
activity and musculoskeletal health, but the nature of this relevance is often misunderstood.
The strongest evidence supports correction of deficiency for health-related reasons: bone
mineralization, muscle function, physical performance in vulnerable groups and prevention of
deficiency-associated impairment. The weaker and more variable evidence concerns the idea
that supplementation improves sport performance in all athletes.
This distinction is central for practical sports medicine. Athletes and coaches may seek
supplements that directly improve results. Vitamin D does not fit that model well. Instead, it
is best understood as a permissive factor: adequate status supports normal physiology,
whereas deficiency may remove the conditions needed for optimal adaptation. In a deficient
athlete, correction may improve health and possibly performance-related variables. In a
sufficient athlete, extra supplementation is less likely to produce measurable benefit and may
only increase cost or risk.
The relationship between physical activity and vitamin D status also requires careful
interpretation. People who are more physically active often spend more time outdoors, and
outdoor time increases ultraviolet exposure. The meta-analytic evidence suggests that outdoor
physical activity is more effective than indoor activity for improving 25(OH)D concentration
[13,14]. Therefore, clinicians should avoid telling athletes that exercise itself increases
vitamin D status. The more accurate statement is that outdoor training can improve vitamin D
status when it meaningfully increases sun exposure, while indoor training generally cannot.
Muscle evidence is promising but incomplete. Recent reviews describe vitamin D in relation
to muscle metabolism, mitochondrial function, satellite cells and repair processes [9-12,15].
These mechanisms are relevant for sport because training adaptation depends on muscle
remodeling. Yet mechanistic plausibility is not the same as clinical proof. The available
human studies suggest that the effect of supplementation on muscle strength and performance
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depends on baseline deficiency, age, intervention dose, duration and outcome measure [19-
23,32-35].
The athlete literature is consistent in recommending attention to risk groups rather than
universal high-dose intervention. Indoor athletes, winter-season athletes, athletes at northern
latitudes, athletes with prior stress fracture and athletes with limited sun exposure are
reasonable candidates for assessment [24-28,30,36,37]. Soccer studies show that seasonal
changes can occur across a competitive year and that both sun exposure and supplementation
may modify 25(OH)D concentration [40-43]. However, even in soccer players, performance
responses are not uniform.
Safety and controversy should not be treated as minor issues. Vitamin D is widely available,
inexpensive and familiar, which can create the impression that more is always better. Clinical
literature on toxicity shows that excessive intake can be harmful [5]. Reviews on
supplementation and deficiency controversies emphasize that definitions and
recommendations differ and that routine testing or supplementation in low-risk healthy adults
remains debated [4,8]. In sport, where supplement culture is strong, this caution is especially
important.
From a practical perspective, the most balanced recommendation is individualized
management. Athletes should receive education about dietary sources, safe sun exposure,
seasonal risk and the importance of medical supervision when using high-dose supplements.
Team protocols may include targeted screening before winter, during indoor seasons or after
bone stress injury. Supplementation should aim to correct deficiency and maintain sufficiency,
not to push levels above evidence-based targets for hypothetical performance gains.
A final point concerns communication of uncertainty. The literature contains positive, neutral
and heterogeneous results, especially for performance outcomes. This should not be seen as a
weakness of the topic but as a realistic feature of sports nutrition research. Biological
plausibility, observational association and randomized intervention data answer different
questions. A responsible review should therefore avoid strong claims that all athletes benefit
from supplementation while still recognizing that deficiency is clinically relevant and
correctable.
The review also supports cooperation between professionals. Physicians can evaluate
laboratory results and contraindications, dietitians can assess intake and supplementation
plans, physiotherapists can evaluate musculoskeletal loading and recovery, and coaches can
modify training exposure and load progression. Vitamin D management becomes most useful
when it is embedded within this interdisciplinary model. Isolated supplementation without
attention to training load, recovery and total nutrition is unlikely to solve complex sport-
related musculoskeletal problems.
In clinical practice, vitamin D assessment should be linked with the athlete's whole context. A
young soccer player with winter training, low sun exposure and recurrent bone pain represents
a different situation from an outdoor athlete with no symptoms and documented sufficiency.
Similarly, an older adult beginning exercise after a period of inactivity may require broader
nutritional and functional assessment than a trained athlete. The same biomarker can therefore
lead to different decisions depending on musculoskeletal risk, age, training history and
clinical presentation.
The findings also have implications for how vitamin D should be presented in academic sport
education. It should be taught as a component of musculoskeletal risk management, not as a
simple supplement for faster sprinting, stronger jumping or better endurance. This distinction
is important because athletes often receive nutrition information from non-medical sources,
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advertisements or peer experiences. A careful academic message can help prevent two
opposite errors: ignoring deficiency in high-risk athletes and overusing supplements in
athletes who do not need them.

5. Conclusion
Vitamin D deficiency is a relevant and modifiable factor in musculoskeletal health, including
in physically active individuals and athletes. The evidence is strongest for the importance of
adequate vitamin D status in bone health and biologically plausible for muscle function and
recovery. Low 25(OH)D concentration is common in many populations and can affect
athletes, particularly those with limited sunlight exposure, indoor training, winter-season
schedules or previous bone stress injury.
Physical activity should not be viewed as an independent guarantee of vitamin D sufficiency.
The available meta-analytic evidence indicates that outdoor activity is more effective than
indoor activity for increasing 25(OH)D, most likely through sunlight exposure. Therefore,
training environment and season are important determinants of vitamin D status.
Supplementation is best justified for deficient individuals or clearly defined risk groups. It
should be individualized, evidence-based and monitored when higher doses are used. Current
evidence does not support indiscriminate high-dose supplementation as a universal
performance-enhancing strategy for all athletes. For sport practice, the most reasonable
approach is to identify deficiency risk, correct confirmed deficiency, support safe outdoor
exposure and integrate vitamin D management into broader nutrition, training-load and
injury-prevention programs.
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