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CHAPTER 1: Introduction
Vitamin D deficiency is now characterized as a pandemic (1-4) and estimates of the
prevalence within populations are raising concern (5, 6). Recent reports of vitamin D deficiency
have placed the prevalence in the United States at approximately 42% (7). Insufficiency estimates
in the United States have been reported to be 75% in Caucasians and upwards of 90% in
populations with pigmented skin (8). Global insufficiency estimates are in the proximity of one
billion people (3). This deficiency/insufficiency is not without potential consequences. The most
well-known vitamin D deficient consequences are rickets in children and osteomalacia in adults
(3). However, the list of possible adverse effects with deficient levels of vitamin D is not limited
to the typical role of vitamin D, such as calcium control and bone formation (6, 9-12). The active
form of vitamin D, 1,25-dihydroxyvitamin D (1,25[OH]2D), is a steroid hormone. Therefore, it
acts through a vitamin D receptor (VDR) to signal metabolic action. Tissues containing the VDR
are influenced by 1,25(OH)2D. The VDR has been identified in a vast and diverse list of human
tissues (3, 11, 13). This rather expansive list reinforces the broad impact that vitamin D has on
human physiology and the wide-ranging potential for adverse consequences associated with its
deficiency. Of specific interest to this research is that the VDR is found in skeletal muscle (3).
Since the VDR is found in muscle tissue, 1,25(OH)2D should have some role in its homeostasis.
It is possible that vitamin D insufficiency or deficiency could elicit a negative effect on muscle
homeostasis, and this detrimental influence could potentially compromise muscle function.
The causal pathway in which vitamin D deficiency may compromise skeletal muscle
function in humans has yet to be established; however, numerous researchers have offered
theories attempting to substantiate the biological relevance of vitamin D in regards to muscle
function (2, 14-18). It has been proposed that vitamin D influences muscle tissue through both
genomic and non-genomic pathways (14-17). Through these pathways, it is believed that
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1,25(OH)2D is involved in myogenic regulation (18), proliferation, differentiation, phosphate and
calcium modulation (14), and protein synthesis in skeletal muscle (2, 17). Disruptions in these
vital processes in muscle may compromise the functional ability of the tissue (6). Poor vitamin D
status has also been associated with muscle atrophy (19) and increased muscle fat infiltration
(20), both of which may influence physical performance.
Beyond the biological theory, physical performance data regarding the effect of vitamin
D status appear to indicate that vitamin D influences skeletal muscle function. Vitamin D status
has been associated with measures of physical performance in numerous cross-sectional
investigations (21-28). Interventional trials involving vitamin D supplementation in vitamin D
deficient populations have documented increases in measures of physical performance with
improved vitamin D status at the end of the trials (29-32). Research investigating the impact of
vitamin D receptor polymorphisms on prevalence of falling (33) and measures of strength (34,
35) and power (36) in senior populations also seem to indicate that vitamin D plays a role in
skeletal muscle’s functional ability. Recent investigations have also linked vitamin D deficiency
with reduced physical performance in tasks predominantly involving aerobic metabolism (29, 37,
38).
There is mounting evidence that vitamin D deficiency compromises physical
performance in aging populations (22, 24-32, 39, 40); however, investigations in other
populations are lacking (21, 23, 29, 41), which is creating a vacuum in the literature. At this
point, there appear to be only six studies that incorporated non-elderly populations in their study
design investigating physical performance outcomes (21, 23, 29, 41-43). Of these, four
investigations involved adolescent populations, which were female-only cohorts (21, 23, 41, 42).
Only two studies were found, one cross-sectional (43) and one interventional trial (29), which
evaluated the effects of vitamin D status on measures of physical performance in men and women
with a broad age range. However, none of these investigations have utilized sample populations
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of athletes. Nor do they concurrently employ a battery of tests measuring physical performance
that have a meaningful relationship to physical performance in athletic competition.
Investigating the impact of vitamin D status on measures of physical performance in
athletes would further build on the scientific literature and address the current population-specific
void. Utilizing measures of physical performance that are associated with various tasks involved
in sport performance would further bolster the relevance of this data to athletes. Collection and
interpretation of data pertaining to this issue may also impact the decision to conduct more
expensive randomized controlled trials. This data is pertinent to the practice of sporting clubs, as
vitamin D status may become an important observational variable for sports physicians to
evaluate in their athletes. A physician could evaluate and effectively address vitamin D deficiency
in athletes, which may equate to increased physical performance. The results of this investigation
would also impact the current discussion concerning vitamin D and athletic performance. At this
time, the basis for suggesting vitamin D as a potential ergogenic substance for athletes is
substantiated merely through biological plausibility and extrapolation of data from other
populations. In order to address the question of whether vitamin D status has any impact on
physical performance in athletes, investigations must begin to explore this question in these
populations.
The intent of this cross-sectional study is to investigate the relationship between vitamin
D status and laboratory measures that are relevant to physical performance in Division I and
Division III collegiate hockey players which include: 1) power production during vertical jump
performance and the Wingate test; 2) maximal oxygen consumption during a graded exercise test;
and 3) body composition as evaluated by underwater weighing. It is hypothesized that a low
blood serum level of 25(OH)D is associated with less desirable testing outcomes in this
population.
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CHAPTER 2: Literature Review
2.1 Introduction
The following section is a review of the literature pertaining to vitamin D and physical
performance. Vitamin D physiology, issues around vitamin D status determination and correction,
and the prevalence of deficiency will be discussed first. The focus of the review will then shift
toward the literature regarding the biologically plausible way in which skeletal muscle may be
influenced by vitamin D. Establishing biological relevance will entail reviewing the following
topics: proposed mechanisms of action in skeletal muscle, the VDR knockout mouse model,
skeletal muscle tissue repair and the involvement of the immune system, vitamin D and the
cardiovascular system, vitamin D status and muscle fat infiltration, VDR polymorphisms, vitamin
D status and measures of physical performance, and seasonality of physical performance. The
plausibility of vitamin D impacting adipose tissue accumulation and androgen production will
also be examined.
2.2 Vitamin D Physiology
Vitamin D is typically known for its role in calcium regulation (9, 13), bone formation,
and curing the medical disease rickets (10, 11). More recently the involvement and importance of
this vitamin has expanded to encompass physiological processes in numerous body tissues (1012). The following section will describe vitamin D, depict its metabolism, and discuss how it
achieves such a broad impact on human physiology.
Vitamin D is a prohormone and not a vitamin, and numerous researchers are calling for
this to be recognized (3, 11, 13, 44). In its prohormone state, vitamin D is believed to be impotent
and lacking any physiological impact (11, 13). It is not until the prohormone undergoes various
hydroxylations that it yields physiological impact on target tissues (11, 13, 16). Furthering its
distinction from other vitamins, it does not need to be consumed in the diet; in fact, the
predominant source of vitamin D is through sunlight exposure (UVB radiation) (3, 11, 13).
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Endogenous vitamin D production is achieved through exposing skin to UVB radiation
possessing a wavelength characteristic range of 290-315nm (3, 13). Skin contains a cholesterol
derivative, 7-dehydrocholesterol (provitamin D). Upon UVB exposure (290-315nm range), the
double bonds in the molecule absorb the radiation (3), which break the 9,10 carbon-carbon bond
(13). Following the breaking of the 9,10 carbon-carbon bond, the previtamin D undergoes a heat
transformation to form vitamin D3 (cholecalciferol) (13). Vitamin D3 starts its migration from the
epidermis to the blood circulation upon formation and it is picked up by vitamin D binding
protein in the capillary beds (3). The vitamin D binding protein is then responsible for the
transportation of vitamin D3 to the liver (3).
Vitamin D is also obtained through the diet. In the diet, two forms of vitamin D exist;
vitamin D2 (ergocalciferol) from irradiation of plant sources and vitamin D3 (cholecalciferol)
from animal sources (16). Dietary sources include oily fish, egg yolk, and fortified foods such as
milk and other dairy products (3). Once Vitamin D2 or D3 has been obtained through the diet, it is
picked up and transported by chylomicrons through the lymphatic system (3). Once in venous
circulation, similar to endogenous production, vitamin D is bound to a carrier protein (vitamin D
binding protein) and ultimately reaches the liver (3).
Once vitamin D enters circulation it must undergo two hydroxylations before it becomes
the active steroid hormone 1,25-dihydroxyvitamin D 2 or 3 (1,25[OH]2D) (11, 13, 16). The liver is
the site of the first hydroxylation that vitamin D undergoes on its transformation from
prohormone to hormone (3). At the liver, vitamin D-25-hydroxylase adds a hydroxylation at the
25th position on vitamin D, forming 25-hydroxyvitamin D (25[OH]D) (3). Serum 25(OH)D itself
is not believed to impart a physiological impact (11); however, there remains some controversy
concerning the biological activity of 25(OH)D (10). Serum 25(OH)D is the circulating form of
vitamin D used to evaluate vitamin D status (3). The final hydroxylation occurs at the kidneys via
D-1-hydroxylase, adding a hydroxylation at the 1-alpha position, forming 1,25-dihydroxyvitamin
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D (1,25[OH]2D) (3). This process can also take place in other tissues besides the kidney (13),
which will be discussed later.
After conversion to its active form, 1,25(OH)2D’s most recognized role is that of
participating in calcium regulation (10, 13). As calcium and phosphate levels decrease,
parathyroid hormone increases, thereby triggering an upregulation of 1,25(OH)2D (11, 16, 44).
Low levels of calcium and phosphate can be remedied by 1,25(OH)2D through its ability to
increase calcium and phosphate absorption in the intestine (11, 16, 44). Together, 1,25(OH)2D
and parathyroid hormone can initiate calcium mobilization from bone and provide the signal to
the distal renal tubule to allow for calcium reabsorption (11, 44). Once calcium levels have been
adequately raised, parathyroid activity is down-regulated, FGF23 is upregulated (45, 46), 1-alpha
hydroxlyase activity slows (13), and 1,25(OH)2D clearance becomes dominant.
Clearance of the steroid hormone 1,25(OH)2D is also achieved through a hydroxylation
step. The enzyme responsible for 1,25(OH)2D clearance, cytochrome P-450 (CYP24A), is in
control of D-24-hydroxylase activity and metabolic degradation of both 25(OH)D and
1,25(OH)2D (3, 11, 44, 46). An antagonist of 1,25(OH)2D signaling, 1,25(R)(OH)D23(S),26lactone may also be the product of D-24-hydroxylase activity (47). Disposal of calcitroic acid, the
metabolic product of 1,25(OH)2D degradation, is accomplished via bile and the lower
gastrointestinal tract (44). Regulation of D-24-hydroxylase activity seems to be governed by the
circulating concentration of 1,25(OH)2D (11, 47). The rate of D-24-hydroxylase activity is
directly proportional to circulating 1,25(OH)2D; when circulating levels of 1,25(OH)2D are
elevated, so is the rate of its removal by way of escalating D-24-hydroxylase activity (11).
The upregulation of 1,25(OH)2D can occur in the absence of disrupted calcium
homeostasis to meet the needs of other tissues (11, 44). This can be achieved through the
secretion of calcitonin from the thyroid’s C-cells (11, 44). Calcitonin reduces bone and renal
calcium sequestering functions, and stimulates 1-alpha hydroxlyase activity in the kidney (11,
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44). In addition, various other tissues also express 1-alpha hydroxylase and thus can convert
25(OH)D to 1,25(OH)2D on demand (13). To date, at least 10 tissues have been identified with
D-1-hydroxylase and 1-alpha hydroxylation capability (13). These tissues are able to covert
25(OH)D to 1,25(OH)2D as needed, giving rise to vitamin D’s paracrine activity (13). It has been
suggested that 1,25(OH)2D kinetics in these tissues are influenced by the 25(OH)D status of the
individual (45). Thus, poor vitamin D status may alter optimal 1,25(OH)2D signaling in these
tissues and compromise function.
The VDR itself is influenced by 1,25(OH)2D signaling (48). The VDR is a class II
nuclear steroid hormone receptor and is essential in the 1,25(OH)2D signaling process (11), which
will be discussed later in further detail. Vitamin D receptor mRNA expression fluctuates based on
the exposure to 1,25(OH)2D (48). It seems that VDR tissue concentration is augmented with
increased exposure to 1,25(OH)2D (48). This regulatory feature may have important implications
when examining normal signaling in VDR containing tissues.
As previously mentioned, 1,25(OH)2D is a steroid hormone which is biologically active
and capable of influencing all tissues which possess a vitamin D receptor (3, 11, 13, 16). The
VDR has been identified in a vast and diverse list of human tissues (3, 11, 13). These tissues are
influenced by 1,25(OH)2D. This hormone has the ability to induce tissue specific responses (45).
Therefore, its functional role may be very different from tissue to tissue. The wide-ranging tissues
that express the VDR underscore the broad impact and importance of this hormone in many
physiological processes. It is believed that this hormone influences 100-1000 genes (13, 49, 50),
equating to approximately 3% of the human genome (51). The potential of the hormone for such
a broad-spectrum impact on human physiology underscores the importance of accurate methods
of determining vitamin D status.
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2.3 Evaluating Vitamin D Status
Vitamin D status is assessed using serum 25(OH)D (10). The use of 25(OH)D in the
evaluation of vitamin D status has been selected because it is believed to respond to both
endogenous production in the epidermis and dietary consumption of vitamin D2 and D3 (52).
Hydroxlyation of ergocalciferol or cholecalciferol in the liver is thought to be largely unregulated
and therefore reflects vitamin D yields (13, 52). This deregulated circulating value, in theory, is
minimally affected by other physiological processes, is relatively stable, and is believed to
properly categorize vitamin D status (1, 13, 52, 53). This is not true for the active form
1,25(OH)2D which is influenced by 25(OH)D, calcium and parathyroid hormone (4, 53, 54). For
instance, low levels of 25(OH)D cause increased parathyroid hormone, which triggers
1,25(OH)2D production in the kidneys and masks a deficiency if 1,25(OH)2D is the biomarker for
vitamin D status (4, 53-55). Serum 25(OH)D has a long half-life, approximately 2-8 weeks (4, 52,
53), whereas 1,25(OH)2D has a half-life of up to four hours (53). Lastly, many tissues possess the
D-1-hydroxylase enzyme that is required to perform the final hydroxylation of 25(OH)D (13).
The hydroxylation activity in those tissues is dependent on the amount of circulating 25(OH)D
and not 1,25(OH)2D (52, 53). Quantifying serum 25(OH)D provides a useful indicator of vitamin
D status and metabolism that reflects both upstream intake and synthesis, and downstream
hydroxylase and 1,25(OH)2D activity.
Setting a normal or optimal level for circulating 25(OH)D is problematic (52, 55, 56).
Adequate levels of vitamin D are dependent on the functional marker used to evaluate vitamin D
status (57, 58). Some of the functional markers currently used to evaluate reference ranges for
vitamin D status include: clinical symptoms, 1,25(OH)2D kinetics, parathyroid hormone, and
health outcomes (57, 58). Each of the criteria stated are associated with differing 25(OH)D levels
that induce the desired effect (57). Beyond the problem associated with biomarkers, accuracy of
the various assays has been called into question (52, 54, 59-61).
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Numerous assays are available for the assessment of vitamin D status and an assayspecific bias in reported results appears to be an issue (62, 63). According to Snellman et al. (62),
currently utilized methods for the assessment of 25(OH)D include, “high-pressure liquid
chromatography (HPLC) and mass spectrometry (MS), radioimmunoassay (RIA), enzyme
immunoassays (EIA), competitive protein binding assays (CPBA), automated chemiluminescence
protein-binding assays (CLPBA) and chemiluminescence immunoassays (CLIA)” (p.1). These
assay techniques seem to exhibit substantial interassay variability (62, 63). Snellman et al. (62)
found interassay variation when they evaluated the performance of HPLC-APCI-MS, RIA, and
CLIA. Interassay variation may complicate the interpretation of various research findings when
trying to establish a demarcation value for vitamin D sufficiency (62, 63). This variation may also
mischaracterize an individual’s vitamin D status when the assay-specific results are compared to
the current recommended 25(OH)D sufficiency level (63). The majority of the research
investigating normative vitamin D levels has used the DiaSorin RIA when measuring 25(OH)D
status (58, 63). Thus, the DiaSorin RIA is the “gold standard” or reference assay by default (63).
When interpreting the results from a specific assay, the performance of that assay in comparison
to the DiaSorin RIA must be assessed and corrected for bias in order to use the current 25(OH)D
status recommendations for sufficiency (63).
Due to problems in assay accuracy, Cavalier et al. (64) proposed assuming a margin of
error in the 25(OH)D measurement and correcting for that error by increasing the target value for
sufficiency. Cavalier et al. (64) reported a “measurement uncertainty” of 16.4% to 31.3% when
comparing the DiaSorin RIA, DiaSorin liaison, Roche Elecsys, and HPLC. This uncertainty in
25(OH)D measurement poses problems when classifying an individual’s vitamin D status. To
manage assay accuracy issues, Cavalier et al. (64) suggest adding a correction factor of 20
nmol·L-1 to the target 25(OH)D level sought.
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Another problem to consider is the temporal characteristic of the sample (52). Season,
activity patterns, geographical location, and sunlight exposure are all influential factors in vitamin
D endogenous production (52, 54). Commonly, endogenous production of vitamin D via sunlight
exposure and subsequent synthesis in the skin provide upwards of 80% of total vitamin D status
(52, 65, 66). Sampling may be varied depending on the time of year the sample was taken and
may not accurately reflect a level that is maintained throughout the year (52, 66). Variability of
within-individual 25(OH)D assessments has been reported to be as high as 13-19 % (59). This
observation may be attributed to endogenous synthesis-based seasonal fluctuations, or it may be
an indicator of problematic vitamin D assay reliability (59). Other problematic variables that may
influence 25(OH)D levels are fat mass, BMI, 24-hydroxlyase activity (52), medications (67) and
genetics (68).
At present time, the accepted normative values and thresholds for circulating 25(OH)D
are largely based on calcium control and bone health (13, 69, 70). According to a majority of the
literature, sufficient levels of circulating 25(OH)D are currently considered to be 30-32 ng·mL-1
(75-80 nmol·L-1) (1, 3, 53, 58, 59). Values below 30-32 ng·mL-1 are considered to be the start of
insufficiency (3, 4, 59). The deficiency threshold is regarded as a 25(OH)D level below 20
ng·mL-1 (3, 4). Reports of 25(OH)D thresholds are not all consistent in the literature (4, 44, 53,
57). Recommendations for an optimal 25(OH)D level are still being debated (56, 58, 59, 71).
Optimal 25(OH)D concentrations may be as much as 40-70 ng·mL-1 (4, 49, 50).
The Institute of Medicine recommendation for sufficient vitamin D status is more
conservative. There appears to be a disagreement between the Institute of Medicine (IOM) and
the majority of researchers investigating vitamin D and non-skeletal outcomes when it comes to
setting the 25(OH)D level indicating sufficiency. The IOM’s 25(OH)D level indicating
sufficiency is 20 ng·mL-1 (72). The functional marker chosen by the IOM to evaluate vitamin D
status was bone health (72). This decision was made because the panel deemed sufficient
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evidence for causality was only met for vitamin D and bone health (72). Since much remains
unknown regarding vitamin D and other outcomes, the IOM (72) and others endorse a
conservative approach to setting optimal 25(OH)D levels and vitamin D requirements (73).
A possible consequence of excess vitamin D intake is toxicity. Reports of vitamin D
intoxication are sparse (3, 50, 71, 74). The vitamin D status associated with intoxication is a
25(OH)D level of 150 ng·mL-1 (3, 50). If a high level of 25(OH)D is accompanied by
hyperphosphatemia and hypercalcemia, a vitamin D intoxication diagnosis will be indicated (3,
44). Calcification of soft tissues can result from chronic exposure to toxic levels of vitamin D
(44). Vitamin D toxicity is a possible consequence of dietary supplementation, but not from sun
exposure (50). However, vitamin D supplementation of 10,000 IU/day or below is not likely to
result in toxicity (50, 75).
When evaluating vitamin D status, it is important to note the inter-reliant nature of
vitamin D, calcium and parathyroid hormone (PTH). Parathyroid hormone regulates 1,25(OH)2D
synthesis in the kidneys in order to maintain plasma calcium concentrations (54). In response to
low plasma calcium concentrations, PTH levels increase, which in-turn increases 1,25(OH)2D
synthesis (54). The resulting elevation of these two hormones initiates calcium mobilization from
bone and also provides the signal to the distal renal tubule to allow for calcium reabsorption (11,
44). Moreover, 1,25(OH)2D increases calcium and phosphate absorption in the intestine (11, 16,
44). Concurrently, 1,25(OH)2D is also responsible for signaling renal phosphate excretion (54).
Prentice (54) has hypothesized that a calcium deficiency could lead to excessive phosphate
wasting and an increased requirement for vitamin D. In this model, a diet deficient in calcium
leads to persistently elevated PTH and 1,25(OH)2D. Habitually elevated 1,25(OH)2D results in
hypophosphatemia. Vitamin D status may also be compromised due to the increased synthesis of
1,25(OH)2D, which also triggers its own degradation via upregulation of 24-hydroxylase activity
(11). This synthesis-degradation loop would result in an increased vitamin D demand and
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secondary vitamin D deficiency (54). Calcium status should not be overlooked when evaluating
vitamin D status because of the co-dependent nature of the two.
2.4 Prevalence of Insufficiency and Deficiency
Vitamin D deficiency is now being depicted as a world-wide problem (10). However,
most of the general population prevalence data regarding national vitamin D status comes from a
limited number of countries (54). Two sources of national vitamin D status data are the National
Diet and Nutrition Survey (NDNS) in the United Kingdom and the National Health and Nutrition
Examination Survey (NHANES) in the United States (54). It appears that all populations are at
risk for becoming vitamin D deficient (76). The old RDA for vitamin D appeared inadequate
(65), needing revision (77), and was recently addressed by the IOM (72).
Vitamin D status reflects both dietary sources and endogenous synthesis. Vitamin D
sufficiency can be achieved through a combination of dietary intake and sunlight exposure, or
achieved independently through either means. However, there is a paucity of foods that are rich
sources of vitamin D (54). The main dietary sources are oily fish and fortified foods (54).
Supplemental forms of vitamin D have gained some popularity in the United States (54). The
current RDA for vitamin D has been revised upward from 200 IU/day to 600 IU/day for
individuals from 1-70 years of age and 800 IU/day for those above 70 years (72). The upper limit
(UL) for vitamin D has also been adjusted from 2000 IU/day to 4000 IU/day (72). An estimate for
the total daily vitamin D requirement has been stated to be between 3000-5000 IU (10). It has
been proposed that without adequate sunlight exposure, dietary consumption needs to be
minimally 1,000 IU (76). Without sufficient UVB exposure, supplemental vitamin D may be
necessary. It has been estimated that upwards of 80% of an individual’s vitamin D status is
acquired through endogenous synthesis via sunlight exposure (52, 65, 66); albeit, this estimate is
subject to variability due to geographic location (54). Nevertheless, vitamin D status is highly
dependent on environmental factors.
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Numerous factors impact endogenous synthesis of vitamin D. Endogenous vitamin D
production is achieved through exposing skin to UVB radiation possessing a wavelength
characteristic range of 290-315nm (3, 13). Factors that impact the magnitude of UVB exposure
and vitamin D synthesis include the following: latitude, season, time of day, cloud cover,
pollution, exposure duration, clothing, sunscreen, skin pigmentation, and age (54). Factors that
influence endogenous synthesis can be divided into two categories: features that limit the amount
of UVB (290-315nm) exposure and features that limit the vitamin D synthesis rate when adequate
UVB exposure occurs. For example, latitude is a commonly cited factor that influences the
amount of UVB radiation possessing a wavelength characteristic range of 290-315nm (1, 54, 57,
76). Few UVB photons reach the earth during the winter months in geographic localities above 35
degrees latitude, which reduces or eliminates the possibility for vitamin D synthesis (76). On the
other hand, a feature that limits the vitamin D synthesis rate when adequate UVB exposure takes
place is skin pigmentation. Melanin effectively absorbs UVB radiation, which reduces the amount
that is available to break the 9,10 carbon-carbon bond on 7-dehydrocholesterol (10). Thus,
individuals with greater skin pigmentation will require a greater duration of UVB radiation
exposure to synthesize a stated vitamin D quantity when compared to individuals with less skin
pigmentation.
Other factors related to vitamin D metabolism may affect an individual’s status.
Adiposity, calcium intake, genetic differences, renal function and disease all have been reported
to be possible factors that may impact vitamin D status (54). Regardless of the origin of influence,
aspects that restrict vitamin D sources or increase the body’s demand may potentially result in
deficiency.
Estimates of the prevalence of vitamin D deficiency/insufficiency were found to be
highly variable depending on the level of 25(OH)D used to designate status. According to the
1992-2001 NDNS data, average vitamin D deficient status was reported at approximately 5-20%

-1

16

across the majority age group stratum in the UK when 10 ng·mL 25(OH)D was defined as
deficiency (54). A few select populations demonstrated high occurrence rates in the range of 2040% and interestingly, young men and women 19-24 years of age were among this group (54).
When the demarcation of vitamin D deficiency was set to 20 ng·mL-1, the generally accepted
25(OH)D deficiency level, the general population prevalence rose to 20-60% across stratum (54).
Using this demarcation value, vitamin D deficiency was estimated at roughly 75% in young men
and women ranging in age from 19-24 years (54). Only 10% of the sample population in the UK
demonstrated vitamin D sufficiency when the 25(OH)D cut-point value was adjusted to account
for insufficiency (32 ng·mL-1) (54). Vitamin D status seasonal fluctuations were also reported in
this population (54).
In the United States, the prevalence of vitamin D deficiency in the general population has
been cited at approximately 25% (65), but more current reports place the overall prevalence at
42% (7). Using the 1988-1994 NHANES data, vitamin D deficiency (10 ng·mL-1) occurrence
range was estimated at 1-5% (54). Incidence climbed to 20-40% when the demarcation of
deficiency was 20 ng·mL-1 (54). However, the accuracy of the prevalence estimates in the United
States using the NHANES data are suspect due to the sampling strategy employed. Serum
25(OH)D samples were collected from April-October in the northern states and November-March
in the southern states. This sampling design may underestimate the prevalence of deficiency in
the northern states, as vitamin D status is influenced by latitude and season (54). Using 20052006 NHANES data, Forrest and Stuhldreher (7) estimated the prevalence of vitamin D
deficiency at 42% when defining deficiency as 20 ng·mL-1 or less (7). Recent reports of vitamin
D insufficiency have placed the prevalence in the United States at approximately 75% in
Caucasians and upwards of 90% in populations with pigmented skin in the general population (8).
Although few studies have explored the prevalence of vitamin D deficiency in sporting
populations, the existing evidence suggests they are not exempt regarding deficiency
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susceptibility. In a population of 93 Middle Eastern athletes with a mean age of 21.3 years,
vitamin D deficiency (20 ng·mL-1) prevalence was reported at 91% (78). Fifty-eight percent of
this sample population exhibited severe deficiency (< 10 ng·mL-1). Not one Middle Eastern
athlete possessed a 25(OH)D level above 30 ng·mL-1 (78). In a cohort obtained through sampling
individuals at a sport medicine clinic in Israel, vitamin D insufficiency was reported to be 77% in
a sample of 98 athletes (79). Eighteen female gymnasts (10-17 years of age) from Australia
underwent a 25(OH)D evaluation in Lovell (80) and only three gymnasts demonstrated vitamin D
sufficiency (> 30 ng·mL-1). However, not all investigations into vitamin D status have yielded
such staggering results. The prevalence of vitamin D deficiency was no more than 4% when
seasonal samples were collected from athletes at the University of Wyoming (81). Vitamin D
insufficiency in this population demonstrated more fluctuation with the highest prevalence in the
winter (60.6%) followed by a marked improvement in the spring (16%) and fall (9.8%) (81).
Athletes that practice and compete indoors may be at increased risk for poor vitamin D status
(82). Both Halliday et al. (81) and Constantini et al. (79) cited better vitamin D status in outdoor
athletes when compared to indoor athletes. However, this phenomenon was only apparent in the
fall when seasonal sampling was used in Halliday et al. (81).
2.5 Correcting Vitamin D Deficiency
If vitamin D insufficiency is present, oral supplementation or sun exposure are potentially
effective means to raise vitamin D levels. Brief exposure to sunlight, provided an adequate UVB
spectrum (290-315 nm) is present, allows for large amounts of vitamin D synthesis (3). This
occurs even with low quantities of exposed skin (83). However, there are a variety of factors that
interfere with subcutaneous vitamin D synthesis, and clinical trials investigating sun exposure
prescriptions for improving vitamin D status have reported poor effectiveness (84). Vitamin D
supplementation is effective at augmenting vitamin D levels. The most commonly cited dose
response to vitamin D supplementation is 100 IU for every 1 ng·mL-1 increase in 25(OH)D (45,

18
55, 75). This dose response relationship fluctuates based on individual factors (85). The most
prominent factor affecting this relationship appears to be the baseline vitamin D status of the
individual (71, 83, 85).
Aloia et al. (83) set out to determine the appropriate vitamin D supplemental dose to
achieve serum 25(OH)D levels above 80 nmol·L-1 and below 200 nmol·L-1 in a six month trial.
The population sample included black and white men and women ranging in age from 18-65
years (83). The vitamin D dose was adjusted three times during the trial on an individual basis
(83). The reported mean supplemental dose that achieved the specified desired vitamin D status
was 3440 IU (83). When mean dose was stratified based on race, the mean supplemental dose
was higher in black participants (3916 IU) when compared to white participants (3040 IU) (83).
However, the differing mean dose needed to achieve the desired vitamin D status was not
attributed to a race-specific response to vitamin D supplementation; it was suggested that the high
mean dose observed in blacks was likely the product of lower baseline vitamin D status (83).
Cherniak et al. (86) cited a mean increase of 14.3 ng·mL-1 25(OH)D3 in response to 2000 IU/day
for six months in a veteran population with a baseline mean level of 28.4 ng·mL-1. According to
Bischoff-Ferrari et al. (71) a vitamin D supplemental dose of approximately 1,800 to 4,000 IU
daily was needed to achieve sufficient vitamin D status in most participants in studies reviewed.
When evaluating the risk of vitamin D toxicity with oral supplementation, Bischoff-Ferrari et al.
(71) concluded minimal risk of toxicity with daily supplemental doses below 10,000 IU.
Intermittent high dose supplemental protocols can also raise vitamin D level and not result in
toxicity (87). However, it has been suggested that low-frequency, high-dose supplementation may
not be an appropriate means of raising vitamin D levels (88). The rationale provided by DawsonHughes and Harris (88) was that high dose vitamin D may upregulate D-24-hydoxylase activity
and subsequently reduce circulating 25(OH)D levels.
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2.6 Vitamin D and Mechanisms of Action in Skeletal Muscle
Muscle was identified as a target tissue of the biologically active form of vitamin D when
Simpson et al. (89) first identified the presence of a vitamin D receptor (VDR) in muscle using a
chick myoblast cell line. Sixteen years later, the VDR was discovered in human skeletal muscle
(90), and this finding was later duplicated (91). However, the presence of the VDR in human
muscle tissue has recently been called into question (92).
In its biologically active form, 1,25(OH)2D exerts its influence on muscle through an
interaction with the VDR. First, 1,25(OH)2D binds with the VDR in skeletal muscle (14). As a
subsequent result of this binding, the VDR undergoes a conformational change because the
repressor can no longer bind to the VDR (11). Next, a heterodimer is formed between the VDR
and retinoic receptor (14). This heterodimerization of the VDR and the retinoic receptor along
with other protein interactions allow for the formation of a transcription complex (11). The
transcription complex interacts with the DNA, which leads to gene dependent transcription (11,
14). This process represents the genomic pathway in which 1,25(OH)2D elicits action in a target
tissue. Proliferation, differentiation, and phosphate and calcium modulation in muscle cells are all
proposed genomic effects of 1,25(OH)2D (14). The genomic pathway may also affect
phospholipid metabolism (93).
It is believed that 1,25(OH)2D can also influence muscle in a more rapid fashion which is
referred to as the non-genomic pathway. These rapidly induced effects occur too swiftly to be
accomplished through the gene transcription process (15). The exact manner in which the nongenomic signaling is accomplished remains unclear (14, 15). Two proposed mechanisms are
present in the literature. One explanation is the presence of an alternative cell membrane receptor
(11). The alternative rationale is that 1,25(OH)2D initiates a process that translocates the nuclear
vitamin D receptor to the cell membrane (94). Calcitriol binding to the VDR in the cell membrane
(novel to translocated VDR) and initiating non-genomic effects is thought to occur through
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mitogen-activated protein kinase signaling (MAPK) (15) or cyclic adenosine monophosphate
(AMP) pathways (16). Muscle cell apoptosis, proliferation, and differentiation appear to be
affected through MAPK pathways (14). Muscle cell calcium control may also be influenced by
MAPK signaling pathways due to altered activity of calcium channels (93, 95). This may impact
calcium concentrations in the sarcoplasmic reticulum, which, in turn, may influence muscle
function (95, 96). Myogenic regulation seems to be modulated by the non-genomic pathway (14).
Muscle growth may be influenced by the effects associated with the non-genomic action of
1,25(OH)2D (2).
The impact of vitamin D on protein synthesis and muscle contraction has been evaluated
using animal models. Muscle contraction and relaxation characteristics were found to be
compromised in vitamin D depleted animals (17). Troponin C and actin protein reductions have
also been documented (17). All of these effects were reversed when the animal’s vitamin D status
was normalized (17). Calcitriol has also been shown to reduce myostatin expression in vitro (97).
Myostatin is a myoregulator that inhibits muscle cell proliferation and growth (98).
Myoregulation disruptions are expressed in mice devoid of a vitamin D receptor (18). These mice
also have reductions in muscle size and increased expression of immature muscle fibers when
compared to their wild type counterparts (18).
2.7 The VDR Knockout Mouse Model
Attempting to establish skeletal muscle tissue as a physiological target of 1,25(OH)2D,
Endo et al. (18) utilized the VDR knockout mouse model. This experimental animal model allows
for developmental comparisons to be made between VDR knockout mice (mice devoid of VDR)
and wild type controls (18). In mice devoid of the VDR, the impact of 1,25(OH)2D is negated due
to the absent VDR which is needed for signaling (11, 14). The VDR knockout mice begin to
express rickets symptoms after weaning which occurs approximately three weeks after birth (18).
This symptom expression temporal characteristic is valued, because it enables the evaluation of
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morphological discrepancies independent of secondary influences associated with rickets
symptoms (18). Using the VDR knockout model, Endo et al. (18) demonstrated that the VDR is
necessary for normal skeletal muscle development in mice.
Atypical skeletal muscle developmental was reported in the VDR knockout mice (18).
Muscle samples from the quadriceps femoris were obtained three weeks after birth (18). When
compared to the wild type controls, VDR knockout mice demonstrated reduced muscle cell
diameter (20%) and a wider cell diameter distribution pattern (18). Morphological expression
differences were even more apparent at eight weeks (18). Endo et al. (18) reported atypical
skeletal muscle development in the VDR knockout mice that did not display a predisposition for a
specific skeletal muscle fiber type (type I, type IIa, type IIx).
To delve into the mechanisms responsible for the observed differences in skeletal muscle,
Endo et al. (18) evaluated myogenic regulatory factors (MRFs) and myosin heavy chain isoforms.
The MRFs are expressed exclusively in skeletal muscle tissue and are essential in directing
skeletal myogenesis (99, 100). The MRFs are expressed in a sequential pattern during myocyte
maturation and this temporal expression seems to allow for a normal developmental program (99,
100). The myocyte maturation sequence begins with an undifferentiated mesodermal cell;
transitions to a myoblast; multiple myoblasts fuse forming a myotube; and further maturation of
the myotube results in a mature skeletal muscle fiber (100). Disruptions in the temporal
characteristic of MRFs may alter myocyte maturation leading to abnormal skeletal muscle
development (99, 100). Myogenic regulation disruptions were reported when VDR knockout
mice were compared to the wild-type controls: persistent elevation of myf5, E2A, and myogenin
(18). Disrupted myogenic regulation was coupled with abnormal skeletal muscle development
(18). Myosin heavy chain (MHC) also displayed altered expression in the VDR knockout mice:
increased embryonic and neonatal myosin MHC was detected when compared to wild-type
controls (18). The disrupted myogenic regulation and abnormal muscle development reported by
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Endo et al. (18) provides evidence to indicate a role of the VDR in the myocyte maturation
process. It appears that the VDR’s role in myocyte maturation is sequence-specific downregulation of myf5, E2A and myogenin (18).
If the VDR does modulate the expression of MRFs during the myocyte maturation
developmental program, a possible role in muscle regeneration and repair may deserve
consideration. Satellite cells are responsible for the majority of postnatal skeletal muscle growth
(100). Muscle hypertrophy and regeneration are also mediated by satellite cells (100). These cells
become active in response to skeletal muscle stress such as injury and mechanical loading (100).
In essence, satellite cells recapitulate the process of skeletal muscle myogenesis that was
previously depicted (100). Satellite cells respond to a trigger stimulus (skeletal muscle stress),
begin to divide, and fuse with myofibers (100). Of specific interest, satellite cells are signaled for
activity via MRFs (100). Moreover, the following satellite cell developmental program is also
influenced by MRFs (100). Since the sequential expression of MRFs are critical for normal
muscle development (99, 100) and the VDR is associated with altered expression of both,
consideration may be warranted for a potential role of the VDR in skeletal muscle growth, repair,
and adaptability (18).
2.8 Skeletal Muscle Tissue Repair, the Immune System, and Vitamin D
The sequence of events that enables skeletal muscle tissue regeneration involves the
immune system (101). When skeletal muscle incurs structural injury, the injured muscle tissue
must be degraded and cleared before satellite cell mediated myogenesis can replace the damaged
tissue (102). An immune response is triggered (innate immune system) in such an event and it
involves a balance between proinflammatory and anti-inflammatory activity (101, 103). Focusing
on the macrophage, the following section will review the immune system’s involvement in
skeletal muscle repair and how vitamin D may affect this process.
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The macrophage appears to play a crucial role in achieving the appropriate inflammatory
response (101) and may be a modulating factor in the time needed for skeletal muscle repair
(102). It seems that macrophages have a dual role in skeletal muscle repair: degradation and
regeneration (101-103). Type I macrophages are proinflammatory, releasing cytokines, and have
been associated with degradation of damaged tissue (101); type II macrophages favor the
regenerative process and possess the ability to dampen the inflammatory response (101). Both
populations of macrophages may influence satellite cell mediated myogenesis via release of
growth factors (101, 102). Reinforcing the importance of macrophages in the skeletal muscle
repair process, Summan et al. (102) demonstrated that this process could be slowed by
pharmacologically reducing the macrophage population in damaged muscle tissue. Summan et al.
(102) noted a disruption in necrotic tissue clearance in the pharmacologically treated muscle
tissue. A trend for fat infiltration in muscle tissue was also reported in the treatment group (102).
This demonstrates that disruption to the macrophage population in injured skeletal muscle may
result in disruption to the regenerative process.
Skeletal muscle macrophage populations may also influence an individual’s response to
exercise (102). By comparing macrophage populations and cytokine expression in young (31.9
years) and aging (71.4 years) healthy participants, Przybyla et al. (103) demonstrated that aging
impacts macrophage and cytokine response to a single bout of hypertrophy-oriented resistance
exercise. Both type I and type II macrophage populations increased in response to the training
stimulus in the young group, but this increased expression was not mimicked in the aging group
(103). Przybyla et al. (103) noted that in both groups type II macrophages were the predominate
macrophage in skeletal muscle. Cytokine expression also differed between groups (103). Prior to
the resistance training exposure, elevated levels of cytokines (IL-1B, IL-1RA, IL-10) were
present in the aging group (103). A blunted cytokine expression was cited after the exercise
exposure in the aging group as various cytokines (IL-1B, AMAC-1, IL-10) were upregulated in
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the young group, but no change occurred in the aging group (103). Przybyla et al. (103) attributed
the disrupted cytokine expression in the aging group to the altered macrophage response to the
exercise exposure. Aging is associated with declining muscle mass and physical performance
(104). It is possible that the differences in the inflammatory response may contribute to the
documented age related decline in muscle mass and physical performance (103). The cytokine
and macrophage disruptions documented in Przybyla et al. (103) may have a deleterious impact
on skeletal muscle tissue homeostasis, regeneration, and adaptability.
It appears that vitamin D is an influential factor in the functioning of the macrophage.
Considering innate immunity, much focus has been placed on the role of vitamin D in
macrophage functioning (105). Macrophages have the ability to produce and respond to
1,25(OH)2D as they possess both the VDR and 1-alpha hydroxylase (106). Calcitriol is involved
in macrophage functioning through its influence on monocyte maturation, phagocytosis,
cathelicidin, and reactive oxygen species production (105, 107-109).
Vitamin D not only impacts macrophages, it is involved in the normal functioning of the
immune system. Cells of both innate and adaptive immunity are frequently discussed targets of
1,25(OH)2D (105, 107-109), as the vast majority of immune cells possess a VDR (107). The
maturation, signaling (105), and survival of dendritic cells are impacted by 1,25(OH)2D (108).
Recently, seasonal differences in innate immune response have been detected and linked to
seasonal changes in vitamin D status (110). Vitamin D has bearing on adaptive immunity as well;
it has been implicated in the modulation of immunoglobulins, T-helper cells, and lymphocyte
populations (105, 109).
It is possible that vitamin D may impact skeletal muscle regeneration due to its role in
immune function. The macrophage both produces and responds to the active hormone (106). Poor
vitamin D status may negatively influence macrophage functioning. This has been the case for
macrophage-produced cathelicidin (109). If macrophage function is negatively altered due to low
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vitamin D status, muscle regeneration could be impacted due to the macrophage’s role in
phagocytosis and signaling.
2.9 Vitamin D and Cardiovascular Function
Along with the previously described impact on the immune mediated inflammatory
response, vitamin D may also play a beneficial role in other factors that contribute to
cardiovascular function and health (111, 112). It is not the intent of this review to discuss in depth
the mechanisms in which vitamin D may influence cardiovascular function, but rather provide a
brief overview. The relationship between vitamin D and the cardiovascular system may provide
important insight when evaluating the possible mechanisms in which vitamin D could possibly
impact physical performance during tasks primarily dependent on aerobic metabolism.
It appears that vitamin D is an essential regulator of multiple tissues and systems
involved in the cardiovascular system (111, 112). The VDR and 1-alpha hydroxylase activity
have been identified in both cardiac and vascular tissue (111, 113) allowing these tissues the
capability to produce 1,25(OH)2D from 25(OH)D and respond to it. Calcitriol has been
implicated as a possible factor affecting the structural remodeling of cardiac muscle (111, 113)
and endothelial tissue (114). Matrix-metalloproteinases (MMP) are also thought to be involved in
cardiac and vascular remodeling and 1,25(OH)2D may alter MMP expression (111). Cardiac
muscle contractility appears to be modulated by 1,25(OH)2D in vitro (115) and improvement in
cardiac muscle function has been reported in hemodialysis patients when vitamin D deficiency
was remedied (111). Improvements in flow-mediated dilation and blood pressure have been
linked to correcting vitamin D deficiency (112, 116). Vitamin D may support nitric oxide
production in endothelial tissue, which is involved in blood pressure control and endothelial
dilation (111). The renin-angiotensin system which is also involved in blood pressure regulation
appears to be regulated by 1,25(OH)2D (113, 115). The overexpression of renin is associated with
increased blood pressure and 1,25(OH)2D may ameliorate renin expression (113, 115). Vitamin D
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may also have a beneficial impact on atherosclerotic progression due to its participation in
immune function and associated inflammatory response (111).
Vitamin D appears to have a substantial role in the maintenance of the cardiovascular
system. Recent investigations have linked vitamin D deficiency to reduced performance in tasks
predominately involving aerobic metabolism (29) and cardiorespiratory fitness measures (37, 38).
These investigations will be reviewed, in detail, in a later section. The mechanisms by which
vitamin D may influence aerobic task performance are not known (38). It is possible that vitamin
D deficiency compromises the cardiovascular system, which subsequently results in reduced
aerobic physical performance.
2.10 Vitamin D and Muscle Fat Infiltration and Lean Body Mass
An emerging theory suggests that insufficient vitamin D status may be related to
increased muscle fat infiltration (19, 20). It is postulated that vitamin D status plays a role in
sarcopenia progression and prevention (96, 104, 117). Sarcopenia typically refers to the loss of
skeletal muscle (104, 117). Increased muscle fat infiltration also occurs in the progression of
sarcopenia (117). Observational investigations have reported an inverse association between
25(OH)D status and the progression of sarcopenia (118-120). In a cohort of 845 men ranging in
age from 45-85 years, Szulc et al. (118) documented decreased relative skeletal muscle mass
scores in men with 25(OH)D levels below 10 ng·dL-1 when compared to those with sufficient
status (118). Higher levels of 25(OH)D were protective against sarcopenia independent of
parathyroid hormone in a cohort of men and women ranging in age from 55-85 years (119). In
another prospective cohort of older men and women, Scott et al. (120) found baseline 25(OH)D
status to be associated with a relative measure of skeletal muscle mass. Baseline 25(OH)D was
also positively associated with a change in leg strength and an estimate of leg muscle specific
force in a 2.6 year follow-up (120). When evaluating 20 men and women with a mean age of 77.6
years, Tagliafico et al. (19) found an inverse relationship between 25(OH)D status and fatty
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degeneration of thigh skeletal muscle. Tagliafico et al. (19) also documented complete selective
atrophy of one thigh muscle only in participants with a 25(OH)D status below 20 ng·mL-1. Thus,
vitamin D status may impact age-related skeletal muscle atrophy that leads to muscle fat
deposition (19).
Interestingly, the association between 25(OH)D and muscle fat infiltration has not only
been observed in aging populations. Gilsanz et al. (20) also cited an association between
25(OH)D status and thigh muscle fat. An inverse association between 25(OH)D status and
percent muscle fat was found in this population of 90 females, devoid of clinical symptoms of
vitamin D deficiency, with an age range of 16-22 years (20). This association was independent of
measures of physical activity, BMI, subcutaneous fat, and visceral fat (20). When vitamin D
status was dichotomized into sufficiency or insufficiency, an effect size of 24% was reported for
increased muscle fat in the insufficient group when compared with the sufficient group (20).
Vitamin D status was not associated with muscle cross-sectional area in Gilsanz et al (20).
Increases in lean mass have been reported with vitamin D supplementation (42) and
cross-sectional studies have also documented this association (121, 122). Stewart et al. (121)
found vitamin D status to be associated with lean body mass in postmenopausal women;
however, vitamin D status accounted for only 1% of the variance in lean body mass. The
association between vitamin D status and lean body mass was also reported in a population of
Chinese adolescent girls (122). Fuleihan et al. (42) investigated the effects of low (200 IU/day)
and high dose (2000 IU/day) vitamin D supplementation in 179 adolescent girls ranging in age
from 10-17 years. Increases in lean mass after a one-year intervention were cited in both low (p =
0.04) and high dose (p = 0.001) supplementation groups when compared to the control (42).
However, no significant difference was found when evaluating strength measures (42). Not all
investigations have reported results consistent with these findings (43, 123). Marantes et al. (43)
found no relationship between 25(OH)D and muscle mass in a cohort of men and women ranging
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in age from 21-97 years. However, when looking at younger participants (under 65 years),
25(OH)D was associated with muscle mass in women only (43). Interestingly, 1,25(OH)2D was
positively associated with muscle mass regardless of age (43). Moreover, when the analysis was
restricted by age, participants with higher 1,25(OH)2D levels possessed greater muscle mass and
this relationship remained significant after adjustment for confounders in both men and women
(43).
Both muscle cross-sectional area reductions and degree of muscle fat may influence an
individual’s physical performance (19, 20). Muscle cross-sectional area is associated with muscle
strength and higher levels of muscle fat have been associated with disruptions in muscle
metabolism (20). However, it is not clear if vitamin D influences either muscle cross-sectional
area or muscle fat accumulation (19, 20).
2.11 Vitamin D and Body Adiposity
Moving beyond muscle, the VDR is also found in adipose tissue and its presence may
indicate that vitamin D signaling could participate in fat metabolism (124). It appears that
1,25(OH)2D has both genomic and non-genomic signaling in adipose tissue (124). This signaling
in adipose tissue seems to modulate calcium channels, uncoupling protein 2 (UCP2) and
glucocorticoid expression (124). Exposure to 1,25(OH)2D increases calcium channel activity in
adipocytes and subsequently increases intracellular calcium (124). Increased intracellular calcium
in adipocytes impedes lipolysis and activates fatty acid synthase (124). Calcitriol inhibits
uncoupling protein (UCP) expression, which is thought to play a role in thermogenesis by
favoring a reduced mitochondrial potential (124, 125). Adipose apoptosis is stymied by
1,25(OH)2D (124). Glucocorticoids, which promote cortisone production, are upregulated by
calcitriol (124). Calcitriol appears to be involved in adipocyte-related production of reactive
oxygen species and various cytokines that may also influence metabolism (124). Calcitriol’s
signaling in adipose tissue appears to promote the conservation and storage of energy in mature
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adipocytes. In the pre-adipocyte, 1,25(OH)2D exposure may inhibit maturation (126). It is not
clear if vitamin D status is causally associated with adipocyte accumulation in vivo; however, the
association between vitamin D status and body fat can be found in the literature (127-130).
An association between vitamin D and body fat has been reported in a few cross-sectional
studies (127-131). Vitamin D status was correlated with subcutaneous and visceral adiposity
measures in a cohort of male and female high school students ranging in age from 14 to 18 years
(128). Kremer et al. (129) also reported an association between vitamin D status and
subcutaneous and visceral adiposity in young women (16-22 years). When vitamin D status was
dichotomized, women who were vitamin D insufficient had increased subcutaneous and visceral
fat when compared to women with sufficient status (129). Using the Framingham Heart Study
cohort, Cheng et al. (130) also reported vitamin D status to be inversely related to subcutaneous
and visceral adiposity in both men and women. Caron-Jobin et al. (131) replicated these findings
in a population of female participants. Stewart et al. (121) found central adiposity related to
vitamin D status in postmenopausal women. The results from Looker (127) suggest that the
relationship between vitamin D status and adiposity may be modulated by race and age in
women. The strength of the relationship was stronger in white women when compared to black
women (127). Looker (127) also found that age attenuated the relationship between vitamin D
status and body fat percentage in both white and black women, but this effect was more
pronounced in black women. Whether sex is a modulating variable in the relationship between
vitamin D status and adiposity has yet to be discerned; however, investigations targeting female
populations appear to be more prevalent in the literature.
It appears that there is enough preliminary evidence supporting the link between vitamin
D and adiposity to warrant randomized control trials. However, evidence from the few trials that
have been conducted does not support a causal relationship between vitamin D and adipose
accumulation (132). It is possible that thresholds for calcium and vitamin D status should be
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considered when selecting study participants (132, 133). Only in a subgroup analysis composed
of women who consumed little calcium did Major et al. (133) find significant weight loss in the
treatment (400 IU vitamin D and 1200 mg calcium) group compared to the control during a
weight loss intervention. More interventional trials are needed to evaluate if vitamin D is causally
associated with adiposity (132).
The exact manner in which improving vitamin D status may promote fat loss is unknown
and likely complex (127, 130). It may be that sufficient vitamin D status normalizes parathyroid
hormone production which results in reduced 1,25(OH)2D exposure in adipocytes (130). Cheng et
al. (130) proposed that vitamin D insufficiency might favor increased adipogenesis. Reverse
causality cannot be ruled out until temporality is established (129). It may be that low vitamin D
status is associated with adiposity because adipose tissue is a storage site and sequesters vitamin
D (130, 132). It is also possible that the association between vitamin D and adiposity is due to
levels of physical activity (132). Persons with higher levels of adiposity are less likely to
participate in outdoor physical activity, thereby limiting sunlight exposure and endogenous
vitamin D synthesis (132).
2.12 VDR Polymorphisms
Another observation connecting vitamin D to physical performance is the association of
VDR polymorphisms to physical performance measures in senior populations (33-36). The VDR
is one of the few genes to be associated with physical performance measures in multiple
investigations (134). Reduced incidents of falling have been reported in individuals possessing
the bb BsmI VDR genotype (33, 36). The bb BsmI VDR genotype has also been associated with
higher leg muscle power (36). Reduced isometric quadriceps strength was reported in individuals
with a VDR Fokl polymorphism, CC genotype. The results from Windelinckx et al. (35) also
demonstrated an association between quadriceps strength and VDR polymorphisms; however,
specific VDR polymorphisms linked to higher quadriceps strength varied by sex. The data
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involving VDR polymorphisms and differences in physical performance outcomes seem to
indicate that vitamin D is involved, to some extent, in muscle’s functional capacity and that VDR
polymorphisms may influence that relationship.
2.13 Vitamin D Status and Measures of Physical Performance
The vast majority of the data regarding the influence of vitamin D on measures of
physical performance is skewed toward senior populations. Six studies were found that
investigated the topic, using physical performance endpoints, which did not utilize populations
with only advanced age participants. Of these, four investigations involved adolescent
populations, which were female-only cohorts (21, 23, 41, 42). One cross-sectional study was
found that sampled men and women with a broad age range (43). One study has been conducted
that employed an interventional study design with the intent of evaluating the impact of vitamin
D levels on physical performance in a young and healthy population that included both male and
female participants (29). At present, there seems to be substantial evidence from cross-sectional
studies (21, 23-28, 135-137) and interventional trials (29-32, 39-41, 123, 138) that vitamin D may
play a role in muscle function, which is expressed and subsequently evaluated using physical
performance outcome measures. These outcome measures include both measures of upper-body
and lower-body muscle function. However, not all controlled trials have detected a relationship
between 25(OH)D levels and muscle function (42, 139-143) and a recent meta-analysis supports
the null (144). Study replication of randomized control trials is needed that investigate the effect
of vitamin D supplementation on physical performance as a primary endpoint (145). The extent to
which outcomes relating to vitamin D status and physical performance in aging populations will
be mirrored in younger populations is not yet established. If vitamin D status does play a role in
physical performance in these individuals, the levels at which it elicits deterioration in
performance need to be determined. Although sex-specific outcome differences concerning
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vitamin D status have been documented and deserve further exploration (22, 43, 146, 147), the
majority of the research does not appear to support sex as a moderating variable.
The only measure employed to quantify upper-body extremity function relative to
vitamin D status and muscle function has been grip strength. Grip strength has been positively
associated with levels of 25(OH)D (23, 25, 26). Mowe et al. (26) examined an aging population
(70-90 years) and reported reduced grip strength in participants with lower 25(OH)D levels.
These results were replicated by Houston et al. (25), who incorporated a larger population in their
cross-sectional study design, with individuals ranging in age from 65 to 102 years. In a
population of Chinese adolescent girls, Foo et al. (23) also demonstrated a relationship between
25(OH)D status and handgrip strength. Adolescent girls with a 25(OH)D status greater than 50
nmol·L-1 (20 ng·mL-1) demonstrated high grip strength values when compared to girls who
possessed 25(OH)D levels that fell below the 50 nmol·L-1 stratification value (23). This
association held after numerous adjustments were made in the statistical model including pubertal
stage, physical activity, and body size (23). Improvements in grip strength have also been
documented in interventional vitamin D supplementation trials (29). In a population of vitamin D
deficient, but otherwise healthy, subjects ranging in age from 20 to 40 years, Gupta et al. (29)
utilized a two-stage oral supplementation protocol with the treatment group receiving 60,000 IU
D3 per week for the first 2 months and 60,000 IU D3 per month for the remaining four months of
the study. The treatment was effective at increasing 25(OH)D levels (29). Increased 25(OH)D
levels in the treatment group resulted in increased grip strength along with other measures of
physical performance when compared to the subjects who received the placebo (29).
Not all investigations have found associations or improvements in grip strength with
increases in vitamin D status (27, 32, 41-43, 140, 146). Ceglia et al. (147) did not detect an
association between 25(OH)D levels and grip strength in a multi-ethnic cohort of 1219 males
living in Massachusetts. Smedshaug et al. (140) failed to find improvements in physical
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performance when using grip strength to quantify upper-body muscle function in their
supplementation intervention. Daily vitamin D3 (10 µg) was given to the treatment group and the
control group received a placebo (140). Grip strength was evaluated at baseline and after one year
(140). Smedshaug et al. (140) concluded that 10 µg (400 IU) of vitamin D3 taken daily is not
effective at improving grip strength in advanced age nursing home residents. Possible
explanations for a lack of effect of vitamin D supplementation on grip strength included lack of
vitamin D deficiency in the population examined, and a vitamin D dosing protocol that was too
conservative (140). Marantes et al. (43) concluded that 25(OH)D was not associated with grip
strength or other strength measures in a cohort of men and woman ranging in age from 21-97
years. Conversely, the active hormone, 1,25(OH)2D, was positively associated with grip strength
and knee extensor strength, though in women only (43). Dam et al. (146) did not find an
association between grip strength and vitamin D status in older adults; however, 25(OH)D status
was associated with other measures of physical performance in women, but not men.
It is possible that grip strength is not as sensitive as other measures of physical
performance when evaluating the effects of vitamin D on physical performance. Bunout et al.
(32), LeBoff et al. (27) and Ward et al. (41) have all demonstrated relationships between
measures of physical performance and vitamin D status, but none of these investigations found
improvements or associations between vitamin D status and grip strength. In a population of
female hip fracture patients, LeBoff et al. (27) reported improved lower-body function composite
score (LEGS performance) during the 12-month evaluation period in women with 25(OH)D
above 22.5 nmol·L-1 (9 ng·mL-1) when compared to women below that value. Women with
25(OH)D above 22.5 nmol·L-1 also experienced fewer falls during the 12-month post-fracture
observation period (27). Grip strength remained unchanged during the duration of the evaluation
period in this population, while lower-body extremity function improved and was associated with
vitamin D status (27). When subjects with a 25(OH)D level of 16 ng·mL-1 or below were
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supplemented with 800 mg of calcium and 400 IU of vitamin D per day for nine months, gait
speed, timed-up-and-go test, and body sway all increased while grip strength remained unchanged
(32). In a recent vitamin D supplementation interventional trial involving vitamin D deficient
(< 15 ng·mL-1) adolescent females (postmenarchal, 12-14 years of age), Ward et al. (41) reported
increases in vertical jump velocity in the treatment group when compared to the control group
after a period of one year. This intervention did not detect any change in grip strength (41). The
trend of detecting an association between 25(OH)D status and lower-body physical performance,
but not in grip strength, may suggest a reduced sensitivity of grip strength as a measure.
Sensitivity of lower-body measures of physical performance could potentially be increased due to
the quantification of measures involving larger muscle cross-sectional area, corresponding force
capacity, and more complex movement tasks. It could also point to the pathophysiology of
vitamin D deficiency manifesting as deterioration of functional ability in the larger muscles of the
lower body.
Numerous investigators have found positive associations between vitamin D status and
lower-body extremity performance (21, 24-26, 28, 135-137). In an older population of men and
women, Mowe et al. (26) documented a relationship between 25(OH)D status, stair climbing
ability and a reduced incidence of falling. Thirty-meter gait speed has also been associated with
levels of 25(OH)D (136). Gerdhem et al. (136) found that elderly women with 25(OH)D levels
below 30 ng·mL-1 had reduced 30-meter gait speed when compared to women with 25(OH)D
levels above 30 ng·mL-1. A positive association between 25(OH)D status, timed sit-to-stand, and
the 8-foot walk test have been described in both men and women who were 60 years of age and
older (28). Lower-body extremity composite scores and 25(OH)D levels have also been linked
(24, 25). Wicherts et al. (137) tracked lower-body functional changes (walking test, chair stands,
tandem stands) across a three-year time period in a population of 1234 men and women with a
mean age of 75.3 years. Subjects were stratified into four groups based on 25(OH)D status (137).
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The four strata were composed of individuals who met the following 25(OH)D criteria: < 10
ng·mL-1, 10-20 ng·mL-1, 20-30 ng·mL-1, ≥ 30 ng·mL-1 (137). All participants in the first and
second strata displayed reduced physical performance when compared to the ≥ 30 ng·mL-1
25(OH)D group (137). After a three-year follow-up period, the first two strata groups were also
more susceptible to a decline in physical performance (137). In a population of 12 to 14 year-old
post-menarchal girls from the United Kingdom, Ward et al. (21) concluded that muscle function
was influenced by 25(OH)D status. Utilizing vertical jump performance as the measure of lowerbody physical performance, Ward et al. (21) documented a relationship between 25(OH)D status
and force, power, velocity and jump height.
Interventional study designs investigating the effect of vitamin D supplementation on
lower-body muscle function in vitamin D deficient aging populations have also demonstrated that
vitamin D levels may influence muscle function (29-32, 39-41, 123, 138). Bunout et al. (32)
incorporated both a supplement and exercise exposure in their investigation. Subjects were
selected from an elderly community and had to meet the inclusion criteria of a 25(OH)D level of
16 ng·mL-1 or less (32). The supplement exposure consisted of 800 mg of calcium and 400 IU
vitamin D3 (32). After nine months, subjects who received the supplement and exercise protocol
exposure saw the greatest improvement in the timed up-and-go test (32). Performance in both gait
speed and body sway improved in the supplemental group independent of the exposure to the
training protocol (32). Pfeifer et al. (31) also investigated the effects of a calcium and vitamin D
preparation on lower-body muscle function in an aging population of both men and women.
Inclusion criteria concerning baseline 25(OH)D status was set at below 78 nmol·L-1. The placebo
group received 500 mg of calcium carbonate daily while the treatment group received both
500mg of calcium carbonate and 400 IU of vitamin D3 daily (31). At the 12-month follow up, the
treatment group demonstrated increased mean 25(OH)D levels, increased quadriceps strength
(8 %), and improved timed up-and-go test (11%) (31). In a six-month vitamin D and calcium
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interventional trial, Moreira-Pfrimer et al. (30) observed increased isometric hip flexor (16.4%)
and knee extension (24.7%) strength in institutionalized elderly participants. Subjects were
vitamin D deficient at the start of the trial (< 50 nmol·L-1) (30). The treatment protocol consisted
of once a month 150,000 IU vitamin D3 and 1,000 mg calcium doses for the first two months and
a reduced dose of 90,000 IU vitamin D3 and 1,000 mg calcium monthly for the remaining four
months (30). This supplementation protocol effectively increased the treatment group’s 25(OH)D
levels by 84% and they were no longer considered vitamin D deficient (< 50 nmol·L-1) (30). The
improved vitamin D status resulted in increased lower-body muscle function in institutionalized
elderly whose activity patterns were unchanged during the trial (30). Sato et al. (39) reported an
improvement in muscle strength of the hip and thigh using the British Medical Research Council
scale in female hospitalized Alzheimer’s patients with exposure to sunlight. Both the treatment
and control group had deficient vitamin D status (39). Sunlight exposure was used as the
treatment while the control group remained sunlight deprived (39). The sunlight exposed group
increased group mean 25(OH)D levels from 24 nmol·L-1 to 52.9 nmol·L-1 while the deprived
group mean 25(OH)D levels dropped from 24 nmol·L-1 to 10.7 nmol·L-1 (39). After the 12-month
evaluation period, increased levels of 25(OH)D led to increased scores on the British Medical
Research Council scale (lower-body muscle function assessment) and decreased falling incidents
when compared to the sunlight deprived group (39). Using supplemental calcitriol (1,25[OH]2D),
Gallagher (40) cited reduced incidence of falling and reduced decay of both timed rising and
timed walk performance measures in older women after a three-year observation period.
Interestingly, these observations were made in a population that did not possess deficient vitamin
D levels in either group (mean serum 25[OH]D 31 ng·mL-1) (40).
Control trials using supplementation protocols in non-aging populations have also
demonstrated positive effects of vitamin D supplementation on lower-body physical performance.
Ward et al. (41) investigated the effects of vitamin D2 (ergocalciferol) supplementation on various
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characteristics of vertical jump performance in 69 post-menarchal girls ranging from 12 to 14
years of age. Subjects needed to meet the inclusion criteria of a 25(OH)D level below 37.5
nmol·L-1 (41). The treatment group received a 150,000 IU ergocalciferol dose every three months
for a duration of one year (41). At the one-year follow-up, the treatment group’s mean 25(OH)D
status was 56 nmol·L-1 and the control group’s 25(OH)D status remained deficient (15.7
nmol·L-1) (41). When compared to the control, the treatment group had an increased efficiency
regarding vertical jump performance (41). Efficiency of movement was defined as “maximum
power relative to peak force” (41). Ward et al. (41) stated a probable rationale for this effect to be
the product of non-significant increases in jump height, jump velocity, and power (41). Ward et
al. (41) also found an association between 25(OH)D status and jump velocity in their baseline
data. Girls with the most compromised 25(OH)D status at baseline had greater increases in jump
velocity after vitamin D treatment (41).
In another trial, Gupta et al. (29) explored the effect of vitamin D supplementation on
measures of physical performance in a population of 40 vitamin D deficient, but otherwise
healthy, subjects ranging in age from 20 to 40 years. Participants either received a 1,000 mg
calcium placebo or oral vitamin D3 with 1,000 mg calcium (29). The treatment group’s vitamin
D3 dosing consisted of 60,000 IU D3 per week for the first 2 months and 60,000 IU D3 per month
for the remaining four months of the study (29). The supplementation protocol increased
25(OH)D levels in the treatment group from a mean of 25.4 nmol·L-1 to 94.5 nmol·L-1 at the end
of the first two-month period (29). During the second four-month period, 25(OH)D mean values
for the treatment group declined to 56 nmol·L-1 with the reduced vitamin D3 dose (29). Note that
a vitamin D3 dose of approximately 2,000 IU per day was not enough to maintain vitamin D
sufficiency in this population if the normal baseline value of 30-32 ng·mL-1 (75-80 nmol·L-1) was
used to indicate sufficient 25(OH)D status (1, 3, 53, 58, 59). Nevertheless, the treatment group
(56 nmol·L-1) expressed significantly higher 25(OH)D levels when compared to the control group
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(29.7 nmol·L ) at the conclusion of the trial (29). Improvements in the strength of the gastrosoleus muscle and increases in the distance traveled during the 6-minute walk test were noted in
the treatment group when compared to the control (29).
There is data that indicates that 25(OH)D status may be an influential factor in physical
performance that is heavily dependent on aerobic metabolism (29, 37, 38, 148, 149). The
evidence is primarily correlational data from cross-sectional investigations (37, 38, 148, 149);
however, one randomized controlled trial indicated positive effects of vitamin D supplementation
on aerobic performance (29). Vitamin D status has been found to be correlated with maximal
oxygen consumption during maximal treadmill exercise tests in population samples including
both men (38) and women with a population mean age of 40 and 49.6 years, respectively (37).
The association between 25(OH)D and maximal oxygen consumption remained significant in
both studies after adjusting for obesity, physical activity, and other potential confounders (37,
38). The results from Ardestani et al. (37) indicate hours spent participating in physical activity
may attenuate the relationship between 25(OH)D status and maximal oxygen consumption. If this
is the case, 25(OH)D status may have a more potent influence in the sedentary (149). Using a
cross-sectional study design, Dong et al. (128) found 25(OH)D levels to be significantly
associated with cardiorespiratory fitness that was evaluated using a submaximal treadmill test
(128). Baseline measurements of 25(OH)D and 400-meter walk performance were correlated in
an aging population (mean age 76.7 years) (148). In a large cohort of men and women (NHANES
2001-2006 data), Scragg et al. (149) found deficient 25(OH)D status associated with increased
resting myocardial work, which was indirectly measured using rate pressure product. Boxer et al.
(24) documented an association between 25(OH)D status and the distance traveled in the 6minute walk test in 169 men and women undergoing outpatient heart failure treatment. Higher
25(OH)D status was associated with greater distance traveled (24). As previously mentioned,
Gupta et al. (29) reported a significant effect of vitamin D supplementation on 6-minute walk
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performance. The treatment group’s mean distance traveled during the test was 15.9 meters
greater than the control (29). The possible pathways through which vitamin D may influence
aerobic capacity are not known at this time (24).
Not all interventions have detected a relationship between 25(OH)D levels and physical
performance (139-143) and this notion is echoed by a recent meta-analysis (144). Kenny et al.
(141) concluded that supplementation with 1000 IU vitamin D3 and 500 mg calcium per day for
six months in 65 healthy older men was not effective at improving physical performance. A
possible explanation for the lack of effect of vitamin D3 supplementation observed in Kenny et al.
(141) is that the sample population of men was not vitamin D deficient. However, at the end of
the trial the mean 25(OH)D status in the control group could be classified as insufficient
according to the most accepted classification values (3, 4, 59). The findings of Kenny et al. (141)
may be evidence that improving status from 25(OH)D values that are merely classified as
insufficient will not result in increased physical performance. Lathamet et al. (139) evaluated the
effectiveness of a single 300,000 IU calciferol dose in 243 frail elderly and concluded the
treatment did not affect measures of physical performance. As previously mentioned in the
discussion concerning 25(OH)D status and grip strength, Smedshaug et al. (140) found that
supplementing 60 nursing home residents with 10 µg (400 IU) per day had no effect on grip
strength after one year. The findings may have been influenced by the lack of vitamin D
deficiency in the sample population and the dose of vitamin D3 administered, which came from
cod liver oil (140). Lastly, Brunner et al. (142) also failed to find any effect of supplementing 400
IU vitamin D3 and 1,000 mg calcium carbonate on ameliorating the decline in physical
performance in 3,137 women. Once again, this population was not selected on the basis of having
a vitamin D deficiency and it is possible the daily vitamin D3 dose may not have been adequate
(142).
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Stockton et al. (144) conducted a meta-analysis which included 17 randomized control
trials involving vitamin D supplementation and measures of physical performance. Although
numerous studies included in the analysis reported significant results independently, vitamin D
supplementation was ineffective at improving various measures of physical performance when
data was categorized and pooled (144). A review of randomized control trials involving vitamin
D and measures of physical performance expressed concerns regarding the heterogeneity of
current trials, making comparisons across trials difficult (145). Rejnmark (145) also articulated
reservations regarding the statistical power of some trials since the majority of studies were not
specifically designed to addresses vitamin D and measures of physical performance: these
questions were secondary endpoints. Study replication of randomized control trials that
investigate the effect of vitamin D supplementation on physical performance as a primary
endpoint is needed (145).
Sex-specific outcome differences regarding vitamin D status and measures of physical
performance have been documented (22, 43, 146, 147). However, the influence of sex on an
individual’s physical responsiveness to vitamin D appears to be unclear. Sex-specific outcomes
associated with vitamin D have pointed to both female (146) and male (22) sex-specific outcome
differences. Recently, Ceglia et al. (147) proposed that men may be less responsive to vitamin D
treatment in regards to changes in physical performance. The responsiveness of an individual to
improvements in 25(OH)D status and associated improved physical performance appears to be
related to the degree of initial vitamin D deficiency and the magnitude of the 25(OH)D
improvement. Whether or not sex is a moderating variable needs further investigation (147).
At this time, the data regarding vitamin D status and muscle function does not support a
specific 25(OH)D level delineating sufficiency for optimal muscle function. Sufficient levels of
circulating 25(OH)D are currently considered to be 30-32 ng·mL-1 (75-80 nmol·L-1) (1, 3, 53, 58,
59). However, it is not known if 30-32 ng·mL-1 represents optimal vitamin D status (58, 59).
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In general, the correlation data dealing with muscle function and physical performance
appears to support a delineating 25(OH)D level in the proximity of the proposed normative value:
30-32 ng·mL-1 or 75-80 nmol·L-1. Gerdhem et al. (136) found decrements in gait speed and
balance in older women whose 25(OH)D levels were below 30 ng·mL-1 when compared to
women whose levels were above 30 ng·mL-1. The data collected by Wicherts et al. (137)
indicated that the majority of physical performance deterioration occurred below 16 to 20 ng·mL1

25(OH)D. Above the value of 20 ng·mL-1, the association between 25(OH)D and physical

performance deteriorated (137). Wicherts et al. (137) also reported that subjects with 25(OH)D
levels below 10 ng·mL-1 were more likely to exhibit decreased physical performance after the
three year follow-up period (137). Bogaerts et al. (138) and Verschueren et al. (123) reported
increases in physical performance measures with vitamin D supplementation. These
investigations also compared the effects of different vitamin D dosing protocols (880 IU and 1600
IU), both reporting no difference (123, 138). Almost all participant 25(OH)D levels were 20
ng·mL-1 or greater in the treatment group regardless of dosing protocol (123). This may indicate
that a threshold 25(OH)D level may have been reached in both treatment groups or that the
dosing protocols lacked distinction. Bischoff-Ferrari et al. (28) established a positive association
between 25(OH)D status and physical performance. The degree of physical performance
improvement with increased 25(OH)D status began to decrease at roughly 40 nmol·L-1, but
performance improvements with advancing 25(OH)D levels continued until 94 nmol·L-1 (28).
The data collected by Houston et al. (25) gives rise to the notion that different measures of
physical performance may be differentially affected by 25(OH)D status. Older men and women
scored lower on both lower-body physical performance tasks and grip strength when 25(OH)D
values were below 25 nmol·L-1 and 50 nmol·L-1, respectively (25). In men, grip strength was
found to be higher with 25(OH)D levels above 75 nmol·L-1 (30 ng·mL-1) (25).
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2.14 Seasons and Physical Performance
Cannell et al. (49) have recently broached the topic of seasonality of physical
performance in a review. Since Cannell et al. (49) was published, the topic has been revisited by
another review on vitamin D and physical performance (2), and others have characterized the
possible phenomenon of physical performance being influenced by the changing seasons and
vitamin D status as a “reasonable hypothesis” (51).
Seasonal changes in physical performance are proposed to be induced by the seasonal
variation in 25(OH)D levels (49). Since exposure to sunlight has such a profound effect on
vitamin D status, seasonal variation in 25(OH)D is commonly observed (2, 3, 57). First, seasonal
weather patterns impact an individual’s activity patterns and time spent outdoors. Time spent
outdoors is associated with vitamin D status (54). Secondly, depending on geographical location
and time of year, endogenous vitamin D synthesis may not be possible (54). This is the product of
the trajectory of the UVB radiation and the inability of the radiation to penetrate the earth’s
atmosphere (54). In relation to calendar year, vitamin D status usually reaches a peak around
August, begins to decline thereafter, and approaches a nadir in approximately March (2, 49, 51).
It has been suggested that physical performance trends should follow this same seasonal pattern if
vitamin D does affect measures of physical performance (49). Whether this phenomenon exists
has yet to be elucidated in the literature. Wehr et al. (51) have expanded the seasonal performance
trends and vitamin D discussion to include testosterone as a potential mediating variable.
2.15 Vitamin D and Androgens
It is known that androgens fluctuate on an hourly, daily, monthly and yearly basis (150,
151). Of these hormones, testosterone has received significant attention regarding its seasonal
variation (51, 150-154). Testosterone is an anabolic steroid hormone and has been associated with
muscle protein accretion (155) and measures of physical performance (156). It has been
hypothesized that seasonal variation of testosterone could, to some extent, explain seasonal
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athletic performance trends (51). It has been proposed that physical performance also exhibits
seasonal fluctuations with peak performances being obtained in August (49). Seasonal
performance trends would indicate that late summer should correspond with peak testosterone
levels. Not all of the literature supports this speculation (151-153). However, some of the
research does appear to correspond with the stated seasonal performance trend (51, 150, 154).
The rationale and pattern for the observed seasonal variations in testosterone is not clear (150153). Possible explanations for the seasonal variation in testosterone are mean air temperature
(150), duration of daylight, body weight, and physical activity (153). Age may also impact
observed seasonal variations in testosterone (151). Recently, a new explanatory variable has been
examined as a possible influential factor regarding seasonal testosterone fluctuation: 25(OH)D.
Levels of 25(OH)D have been reported to exhibit seasonal fluctuations (51) that also correspond
to seasonal variations in testosterone (51, 150, 154) and physical performance trends (49).
The associations between vitamin D and serum androgens have been documented in men
(51, 157). Wehr et al. (51) investigated this relationship in 2299 male coronary angiography
patients using a cross-sectional study design. Eighteen percent of the sample population met the
criteria for hypogonadism (testosterone levels < 11.3 nmol/L) (51). The men categorized as
hypogonadal demonstrated significantly lower (p< 0.001) mean 25(OH)D levels when compared
to men who met the criteria for sufficient gonad function (51). Wehr et al. (51) demonstrated
associations among 25(OH)D, testosterone, free androgen index (FAI), and serum hormonebinding globulin (SHBG), and these associations were not significantly altered after various
adjustments were performed using multiple regression. A seasonal trend was reported among
25(OH)D, testosterone, and FAI (51). All three variables peaked in August and reached their
lowest values in March (51). When evaluating the seasonal difference of levels of 25(OH)D,
testosterone, and FAI, nadir to peak differences were recorded at 64%, 16%, and 18%,
respectively (51). Although an association among 25(OH)D, testosterone, and FAI was apparent,
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no distinct mathematical relationship among these variables existed (51). However, Wehr et al.
(51) established a possible link among vitamin D, testosterone, and FAI. Wehr et al. (51) also
demonstrated that 25(OH)D insufficiency/deficiency corresponded with an increased odds ratio
for hypogonadism.
In a subgroup analysis of older overweight male participants enrolled in a weight loss and
vitamin D supplementation trial, Pilz et al. (157) investigated the effect of 3332 IU
cholecalciferol per day on testosterone levels. Total testosterone, bioactive testosterone, and free
testosterone increased in the vitamin D supplementation group when comparing baseline to the
conclusion of the 12-month trial (157). Testosterone indices in the control group did not change
during the intervention and neither the treatment nor the control group had significantly different
weight loss outcomes (157). It must be noted that the participants enrolled in Pilz et al. (157)
possessed a mean total testosterone level of 10.7 nmol·L-1 in the treatment group and 11.8
nmol·L-1 in the control group. The testosterone value for meeting the criteria for hypogonadism is
11.3 nmol·L-1 (51). Thus, participants in this study possessed testosterone levels at the low end of
the normal range and some individuals met the criteria for hypogonadism (157). Participant mean
baseline 25(OH)D levels were also low, below 20 ng·mL-1, which is the criteria for vitamin D
deficiency (157). Although the results of Pilz et al. (157) should be interpreted with caution, it is
the first study to suggest that vitamin D supplementation may influence indices of testosterone in
men with both low 25(OH)D and testosterone levels.
The exact means in which 25(OH)D may influence androgen levels is currently
unknown; however, the conformation of the VDR in human ovarian (158) and testicular tissue
(159) supports the notion that 1,25(OH)2D may play a role in gonadal function. Parikh et al. (158)
identified VDR mRNA in ovarian cells and demonstrated that 1,25(OH)2D added to a cell culture
had no effect on testosterone, but increased progesterone, estrone, and estradiol. Parikh et al.
(158) concluded that the increased steroid hormone production by the ovarian cells was likely the
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result of upregulated aromatase activity. In human testes, the VDR (159) and various vitamin D
hydroxylation enzymes have been identified (159, 160). Jenson et al. (159) identified both the 25hydroxlase and 1-alpha hydroxlase in the leydig cells of the testes, which gives these cells the
ability to metabolize vitamin D at will. Foresta et al. (160) documented the concentration of 25hydroxlase mRNA in the leydig cells to be substantially greater than all other tissues, including
the liver. Thus, the leydig cells of the testes could be a contributing factor in circulating 25(OH)D
concentrations (160). Foresta et al. (160) also reported that testiculopathic participants expressed
lower levels of 25-hydroxalase mRNA and 33% lower 25(OH)D levels when compared to
controls. Despite the testiculopathic patient’s lower vitamin D status, testosterone levels were
comparable to the control group. However, luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) were significantly elevated, which is likely a compensatory reaction to a
disruption in testicular function acting to preserve normal testosterone levels (160). In
conjunction with the ability to metabolize vitamin D, it is likely that the leydig cells respond to it
being that they also appear to possess the VDR (159). This combination of metabolizing enzymes
and response elements in the leydig cells of the testes has led to the notion that 25(OH)D may
influence androgen production (159), as the leydig cells are the major site of testosterone
production (161). However, reverse causality cannot be ruled out. It may be that testicular
dysfunction in males may lead to lower 25(OH)D levels.
Another proposition stated is that vitamin D may have an influential role in androgen
regulation by modulating estrogen production (162). Estrogen synthesis involves the
aromatization of testosterone and androstenedione (C 19 androgens) (161). Aromatization of the
C 19 androgens is achieved through aromatase cytochrome p450 activity, which is coded for by
the gene CYP19 (161, 163). Estrogen production is dependent on the C 19 androgens and the
aromatase enzyme. Estrogen is believed to have a role in hypothalamus and pituitary hormonal
control (161). Evidence suggests that estrogen is involved in the gene regulation of LH, which is
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secreted by the pituitary along with FSH, and both are hormones that are necessary for normal
testicular function (161). Evidence from the VDR knockout model suggests that the absence of
the VDR may reduce cytochrome p450 activity and CYP19 gene expression in reproductive
tissues, thereby leading to reductions in aromatase activity and subsequent estrogen production
(163).
The knockout mouse model was used to investigate the role of vitamin D and estrogen
control. Kinuta et al. (163) reported that the VDR knockout mice expressed decreased aromatase
cytochrome p450 activity (58.5% of control), which was accompanied by a decrease in the
CYP19 gene expression in the reproductive tissues of both male and female mice. Sperm count
and motility were described as significantly compromised in the VDR knockout mice (163). The
VDR knockout mice also possessed some testicular abnormalities and altered hormone profiles
(163). Luteinizing hormone and FSH levels were significantly elevated in the VDR knockout
mice when compared to the controls (163). It has been suggested that this observation indicates
hypergonadotropic hypogonadism (51). Estradiol levels were lower in the VDR knockout mice
when compared to the control; however, significance was only reported in the female VDR
knockout mice (163). Kinuta et al. (163) further demonstrated that the previously stated
abnormalities expressed in the VDR knockout mice hormonal profile, gonadal function and
histology could be reversed with estrogen supplementation (163). Calcium supplementation could
also revert most of the VDR knockout mice abnormalities (163). However, calcium
supplementation could not fully reverse the disruptions in aromatase activity, LH, and FSH (163).
Being that estrogen supplementation restored a normal hormone profile in the VDR knockout
mice, vitamin D may play a role in estrogen regulation beyond that of calcium homeostasis in
reproductive tissues (163). Evidence from the VDR knockout model suggests that vitamin D may
impact estrogen synthesis through aromatase cytochrome p450 activity and CYP19 gene
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expression (163). Thus, it may be that disrupted aromatase activity induced by the absence of the
VDR leads to estrogen insufficiency and subsequently causes disrupted gonad function (51, 163).
Using another animal model, Hirai et al. (164) found 1,25(OH)D to upregulate various
genes and protein synthesis in mouse testes. The specific target for 1,25(OH)D appeared to be the
sertoli cells (164). Once again, vitamin D was implicated with the normal functioning of the
testes (164).
2.16 Summary
The prevalence of vitamin D deficiency in populations all over the world has drawn the
scientific community to investigate the overall effect of this deficiency (1-5). Physiological
consequences can result from a vitamin D deficiency (3, 9-11). Since the VDR has been isolated
in skeletal muscle tissue (3), it seems logical to ponder the potential impact of vitamin D status on
muscle homeostasis, function, and physical performance. The literature pertaining to proposed
mechanisms of action in muscle (11, 14-17, 93, 94) and the VDR knockout mouse model (18)
appear to depict the notion of vitamin D status impacting skeletal muscle homeostasis as being
biologically plausible. The preponderance of the vitamin D and physical performance data
appears to sustain this premise (21, 23-32, 39-41, 123, 135-138). However, evidence from
randomized control trials does not consistently support a positive effect of vitamin D
supplementation on measures of physical performance (42, 139-143). Rejnmark (145) raised two
important calls to action that are needed to determine if vitamin D is causally associated with
physical performance: 1) replication of previous randomized control trials; and 2) randomized
control trial primary endpoints that are physical performance measures. It appears that there is
sufficient evidence to support further investigation of the influence of vitamin D status on
cardiorespiratory fitness (29, 37, 38) and adiposity (127-130). Both of these measures have the
potential to influence physical performance. At this time, the basis for suggesting vitamin D as a
potential ergogenic substance for athletes is substantiated merely through biological plausibility
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and extrapolation of data from other populations (2, 4, 49, 53). If these questions are to be
appropriately addressed, investigations must begin to explore these questions in athlete
populations (4). Another deficiency in previous studies is the physical performance testing tasks
utilized often yield little relevance to athletic performance. Employing measures associated with
athletic performance, such as the vertical jump test, the Wingate anaerobic power test, graded
exercise testing, and underwater weighing would further strengthen the relevance of this research
to athletes.
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Abstract
The prevalence of insufficient 25(OH)D status is of concern and may negatively impact
health and physical performance. Purpose: The purposes of this study were to evaluate the
association between 25(OH)D status and percent body fat after adjusting for covariates, and
assess the prevalence of insufficiency in a sample population of athletes. Methods: Data was
collected for 53 junior and collegiate ice hockey players residing near Minneapolis, Minnesota
(44.9° N) during the offseason (May 16-June 28). Liquid chromatography-tandem mass
spectrometry was used to assess 25(OH)D levels and hydrostatic weighing was used to determine
% body fat. Dietary intake and endogenous synthesis of vitamin D were evaluated via
questionnaire. Results: Twenty (37.7%) athletes possessed insufficient 25(OH)D levels (< 32
ng·mL-1). Log-transformed 25(OH)D status was inversely associated with (log of) % body fat in
the athletes (r = -0.50, n = 51, p = 0.00). After controlling for measured covariates using
hierarchal linear regression, the adjusted R2 change value indicated that 10% of the variability in
(log of) 25(OH)D status is predicted by (log of) % body fat (p = 0.002). Conclusion: The
findings of this study demonstrate an inverse association between % body fat and 25(OH)D
status, after adjusting for environmental, dietary, and anthropometric predictors in a sample
population of athletes. Athletes with higher levels of adiposity may be at increased risk of poor
25(OH)D status.
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Introduction
Estimates of the prevalence of 25-hydroxyvitamin D (25[OH]D) deficiency and
insufficiency are raising concern all over the world (3). Adequate levels of 25(OH)D are
necessary for skeletal health (3). Albeit, it is believed that the role of the vitamin D system
extends beyond that of calcium control and bone formation to encompass a variety of non-skeletal
related outcomes (11). Vitamin D status has been associated with multiple factors related to
physical performance including skeletal muscle function (95), cardiovascular fitness (38), and
body adiposity (132). Although evidence for causal inference is still lacking, these associations
have garnered attention from those interested in public health and sport.
Cross-sectional investigations have repeatedly demonstrated an inverse association
between 25(OH)D status and degree of body adiposity (165). The observed association between
25(OH)D and body adiposity is thought to be due to the lipophilic nature of 25(OH)D and its
precursors (81, 166). Adipose tissue is a known storage site for these compounds (166, 167),
though the exact mechanism responsible for the association between 25(OH)D and body
adiposity remains unclear (165).
It is currently unknown if the inverse association between 25(OH)D status and degree of
body adiposity exists in athletes. Halliday et al. (81) assessed 25(OH)D status and body adiposity
in athletes participating in a variety of intercollegiate sports and only detected an association in
the fall after adjusting for sex, but not in the winter or spring. The authors speculated that the low
range of participant adipose levels and small sample size likely contributed to the lack of an
association. Morton et al. (168) and Willis et al. (169) also failed to find an association between
25(OH)D and body adiposity in small samples of athletes. Investigations incorporating larger
sample populations of athletes are needed in order to properly address this question.
If 25(OH)D status is associated with degree of adiposity in athletes, body fat may be
considered an independent risk factor for insufficient or deficient 25(OH)D status in this
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population. Recently in the United States, the prevalence of 25(OH)D deficiency and
insufficiency in the general population have been estimated at 42% (7) and upwards of 75% (8),
respectively. Limited reports exist characterizing 25(OH)D status in athletes (170). Population
specific prevalence estimates are needed to determine if athletes from a variety of sports are
equally at risk for poor 25(OH)D status.
The purpose of this study was to investigate 1) the cross-sectional associations between
25(OH)D status and percent body fat after adjusting for covariates and 2) the prevalence of
vitamin D deficiency and insufficiency in a sample population of competitive ice hockey players.
We hypothesized that 25(OH)D status would be inversely associated with % body fat.
Methods
Participants. Division I, Division III and Junior A male ice hockey players residing in
Minneapolis, Minnesota (44.9° N) and the surrounding metropolitan area during the off-season
were recruited to participate in the study. The procedures and risks associated with study
participation were communicated to all interested athletes. Informed written consent was obtained
before potential participants were enrolled in the study. Approval for this study was granted by
the institutional review board at the University of Minnesota. Hockey players were excluded from
study participation for any of the following: self-reported evidence of vitamin D metabolism
disruption, corticosteroid use, injury that inhibits performing physical performance tasks, and
self-reported playing position of goaltender.
Study Design. During this cross-sectional study, participants attended three consecutive
testing sessions at the Human and Sport Performance Laboratory and the Mariucci and Ridder
Arenas at the University of Minnesota. Basic background information was collected during
session one, along with anthropometric measurements, hydrostatic weighing and assessments of
physical performance. The physical activity and vitamin D-specific questionnaires were
administered at the beginning of session two. Next, a blood spot sample was collected followed
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by a graded exercise test. Session three was conducted on ice and consisted of acceleration, top
speed, and repeated-shift performance tests. All testing sessions for each participant were usually
completed within a 9-day period and no longer than 14 days. At least two days separated each
testing session. The data collection period began on May 16, 2012 and ended on June 28, 2012.
Participants were instructed to refrain from training the morning prior to their scheduled testing
sessions. Participants were advised to refrain from eating at least two hours before testing
sessions and avoid carbonated and caffeinated beverages on testing days. Participants were
instructed to maintain normal dietary, hydration, and physical activity habits for the duration of
the study.
Anthropometric assessment and hydrostatic weighing. Weight was measured using a
Detecto mechanical scale with the participant wearing a spandex undergarment. Standing height
was measured using a wall mounted Accustat Genentech Stadiometer. Percent body fat was
determined by hydrostatic weighing using Exertech Body Densitometry Systems software
(Dresbach, MN). The hydrostatic weighing procedure adopted for this study has been described
previously (171). Residual lung volume was estimated (172). The Brozek et al. (1963) equation
was used to estimate percent body fat (171). Favorable test-retest reliability has been reported for
hydrostatic weighing (r > .95) (171).
Vitamin D-specific Questionnaire. The questionnaire was completed at the beginning of
session two. The vitamin D-specific Diet and Lifestyle Questionnaire was adopted from Halliday
et al. (81), which was designed to assess dietary intake and endogenous synthesis of vitamin D in
collegiate athletes. Athletes were instructed to complete the questionnaire in the context of
average consumption and exposure in recent months. Using a structured response format, the
questionnaire consists of questions related to the frequency of consumption of foods containing
vitamin D. Vitamin D intake from multivitamins and vitamin D supplements was also assessed.
The vitamin D content of each food listed on the questionnaire was determined using the National
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Nutrient Database for Standard Reference (173). Product labels and self-reported doses were used
to assess the vitamin D content in multivitamins and supplements, respectively. Daily vitamin D
(IU) consumption for each item was determined by multiplying the vitamin D content by the
frequency of consumption (81). Endogenous synthesis of vitamin D was estimated from
frequency of outdoor leisure time between the hours of 10AM and 3PM (81). Average outdoor
exposure was reported as hours per week.
25(OH)D assay. The clinically relevant measure of vitamin D status is 25(OH)D (58).
25(OH)D status was assessed from a capillary blood sample. After sterilizing the area with an
alcohol prep pad, a contact activated lance was use to puncture the distal lateral region of the
participant’s ring finger. After lancing, gentle pressure was applied to the participant’s finger to
promote a bead of blood to form on the fingertip. The first bead of blood was wiped away with a
sterile gauze pad, while the subsequent beads where guided to one of 12 circles on a participant’s
blood spot card. All 12 blood spot circles were filled for each participant. Blood spot cards were
allowed to dry for approximately 14 hours. They were then individually placed in a sealed plastic
bag along with a 5-gram Tyvek covered silica gel packet. Blood samples were placed in a -20° C
freezer until the end of the data collection period. At this time, all samples were placed in a
Styrofoam mailer with cold packs and shipped overnight to ZRT Laboratory for analysis. Liquid
chromatography-tandem mass spectrometry (LC-MS/MS) was used to determine 25(OH)D status
from the dried blood spot cards. ZRT Laboratory claims that their assay has been calibrated to
yield results for total 25(OH)D that are strongly correlated (r2 = .97) with the DiaSorin RIA. The
agreement between serum and dried blood spot techniques is strong for both 25(OH)D3 (r =.91)
and 25(OH)D2 (r =.90) (174) . Favorable precision has also been documented for dried blood spot
techniques (CV ≤ 13%, reference range: 14-81 ng·mL-1) (174). ZRT laboratory participates in the
Vitamin D External Quality Assessment Scheme.
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Statistical procedures. Statistical analyses were performed using SPSS version 20.0
(IBM, Armonk, NY). Data were inspected to determine if the criteria for normal distributions
were met. The Kolmogorov-Smirnov test of normality was used. 25(OH)D status and % body fat
were positively skewed with a few suspected outliers. Logarithmic transformations were
performed on both variables, improving the normal distribution of the data and removing the
presence of outliers. Descriptive characteristics are presented as means and standard deviations.
Pearson and Spearman correlation coefficients were used to evaluate the associations between
continuous and non-continuous variables. Potential covariates were identified through theoretical
considerations and by assessing the correlations between variables. Hierarchal linear regression
was used to model the relationship between 25(OH)D status and % body fat after adjustment of
potential covariates. Independent variables such as body mass (175), age, sex, race, season and
sun exposure have been identified previously to be associated with 25(OH)D status (54). The
sample population characteristics preclude the need to adjust for age, sex and race. The brief data
collection period likely mitigates the impact of season. The study enrollment period was binned at
its midpoint, creating a dichotomous variable, to examine the influence of date of data collection
on 25(OH)D status. Study enrollment date (binned) and body mass were not significantly
associated with 25(OH)D status, but were included in the final model on theoretical grounds.
Frequency of sun exposure and total dietary vitamin D intake were logarithmically transformed
and included in the final model. Residual plots from the regression analysis were examined for
multivariate outliers and normality. Alpha was set at 0.05 and two-sided p-values were used for
all calculations.
Results
Fifty-seven men participating in competitive ice hockey leagues volunteered to
participate in the study. Three athletes dropped out of the study after the first testing session. One
athlete was excluded from study participation due to a self-reported injury to the lower body. The
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study sample used to report 25(OH)D status included 53 Caucasian male competitive ice hockey
players (33 forwards, 20 defensemen) from collegiate (25 Division I, 11 Division III) and Junior
A (n = 17) ice hockey leagues. Hydrostatic weighing data was not available for two Junior A
hockey players because they were unable to schedule an additional testing session after an
equipment malfunction did not allow hydrostatic weighing during their scheduled appointment.
25(OH)D status and % body fat data were available for 51 athletes.
25(OH)D status. Athletes’ mean 25(OH)D status was 35.7 ± 8.9 ng·mL-1 and ranged
from 20.3 to 65.4 ng·mL-1. Thirty-three (62.3%) athletes had sufficient 25(OH)D levels (≥ 32
ng·mL-1) (58). Twenty (37.7%) athletes possessed insufficient 25(OH)D levels (< 32 ng·mL-1)
(58). None of the participants in the study had a 25(OH)D status low enough to be considered
vitamin D deficient (< 20 ng·mL-1) (58).
25(OH)D status, dietary vitamin D intake and sun exposure. Athlete characteristics
and descriptive statistics for estimated dietary vitamin D intake and hours of sun exposure are
presented in Table 1. Correlations between 25(OH)D status, dietary vitamin D intake and sun
exposure are presented in Table 2. Figure 1 depicts the positive relationship between total dietary
vitamin D intake and 25(OH)D status in our athletes.
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Table 1. Demographic, anthropometric, body composition, dietary and sun exposure characteristics for the
athletes (n = 53).
Mean (SD)

Min-Max

Age (years)

20.1 (1.5)

18-23

Height (cm)

182.0 (6.3)

169.5-197.8

Body mass (kg)

84.3 (6.9)

71.2-98.5

BMI (kg·m )

25.4 (1.3)

21.5-27.7

Percent body fat (%) (n = 51)

12.5 (3.9)

7.1-28.9

405 (246)

67-1005

-1

152 (368)

0-2400

-1

226 (522)

0-2000

378 (647)

0-2400

782 (687)

80-2602

5.9 (4.6)

0.5-18.8

-2

-1

Dietary vitamin D from food (IU·d )
Dietary vitamin D from multivitamin (IU·d )
Dietary vitamin D from supplement (IU·d )
-1

Dietary vitamin D from multi and supp (IU·d )
-1

Total dietary vitamin D (IU·d )
-1

Sun exposure between 10AM and 3PM (h·wk )

58
Table 2. Correlations between potential predictor variables and (log of) 25(OH)D status.
r

p-value
*

Age (years)

-0.213

Height (cm)

0.029

0.834

Body mass (kg)

-0.20

0.159

BMI (kg·m )

-0.334

0.014

Percent body fat (log) (n = 51)

-0.501

0.000

0.308

*

0.025

-1

0.271

*

0.049

-1

0.346

*

0.011

Dietary vitamin D from multi and supp (IU·d )

0.451

*

0.001

Total dietary vitamin D (log)

0.586

0.000

Sun exposure (log)

0.332

0.015

Study enrollment date (binned)

0.185

*

0.184

-2

-1

Dietary vitamin D from food (IU·d )
Dietary vitamin D from multivitamin (IU·d )
Dietary vitamin D from supplement (IU·d )
-1

*

Note. indicates Spearman rho correlational test. n = 53.

0.125
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Figure 1. The positive relationship between total dietary vitamin D intake and 25(OH)D status.
Data available for 53 athletes (n = 53). R2 linear = 0.343, p = 0.000.
25(OH)D status and % body fat. Hierarchal linear regression was employed to
determine if the addition of information regarding % body fat improved prediction of 25(OH)D
status beyond that provided by sun exposure, enrollment date, total dietary vitamin D intake, and
body mass. Figure 2 depicts the inverse relationship between % body fat and 25(OH)D status in
our athletes. The correlations between the variables and the final step in the regression model are
presented in Table 2 and Table 3, respectively. After both steps in the model, R was significantly
different from zero. After step two, the final step in the model, R2 = 0.57, F(5, 45) = 11.72, p =
0.000. The adjusted R2 value indicates that 52% of the variability in (log of) 25(OH)D status was
predicted by the model.
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After step one, with (log of) sun exposure, (binned) enrollment date, (log of) total dietary
vitamin D intake, and body mass in the model, R2 = 0.46, Finc(4, 45) = 9.89, p = 0.000. After step
two, with (log of) % body fat added to the prediction of the control variables, R2 = 0.57, Finc(1,
45) = 10.70, p = 0.002. Addition of (log of) % body fat to the model resulted in a significant
increase in R2. The adjusted R2 change value indicates that 10% of the variability in (log of)
25(OH)D status was predicted by (log of) % body fat.

Figure 2. The inverse relationship between % body fat and 25(OH)D status. Data missing in 2 of
53 athletes (n = 51). R2 linear = 0.251, p = 0.000.
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Table 3. Hierarchal linear regression of potential covariates and (log of) % body fat on (log of) 25(OH)D
status.
Standardized
Unstandardized Coefficients

Correlations
Coefficients

Beta

Std. Error

Beta

t

p-value

partial

part

Sun exposure

0.101

0.036

0.285

2.841

0.007

0.390

0.279

Enrollment date

0.009

0.022

0.041

0.409

0.658

0.061

0.040

TDVD

0.131

0.026

0.519

5.011

0.000

0.598

0.492

Body mass

-0.001

0.002

-0.037

-0.366

0.716

-0.054

-0.036

% Body fat

-0.287

0.088

-0.341

-3.271

0.002

-0.438

-0.321

Step 2

Note. TDVD = total dietary vitamin D. Sun exposure, TDVD and % body fat were log-transformed;
Enrollment date was binned at the midpoint of the study enrollment period. Data was missing for 2
athletes (n = 51).

Discussion
The primary purpose of this cross-sectional study was to evaluate the association between
25(OH)D status and % body fat after adjusting for previously identified covariates in a sample
population of athletes. In this sample of competitive ice hockey players, % body fat was inversely
associated with 25(OH)D status, independent of other environmental, dietary, and anthropometric
predictors. Although consistent with investigations in general populations (175-177), this finding
is not in agreement with the results from three previous investigations incorporating sample
populations of athletes (81, 168, 169). Halliday et al. (81) did not find an association between
25(OH)D and % body fat during the fall (n = 41), winter (n = 33), or spring (n = 25) in Division I
colligate athletes; however, a significant association was detected in the fall after adjusting for
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sex. It appears that the heterogeneity of the sample – for example, including males and females –
may suppress the association between 25(OH)D status and % body fat in studies with small
samples. Sex-related differences in 25(OH)D status have been reported after adjusting for fat
mass (177). Dissimilarities in vitamin D metabolism and behavioral practices associated with sun
exposure may account for the sex-related variance in 25(OH)D status (177). The inability of
Halliday et al. (81) to find significance after adjusting for sex in the winter (n = 33) and spring (n
= 21) was likely hindered by attrition and the restricted range in body fat of the athletes tested.
Moreover, the association between 25(OH)D status and % body fat may be attenuated during
nadir seasonal sampling due to greater stores of 25(OH)D and its precursors in adipose tissue
(178). Although not a primary endpoint of either study, % body fat was not associated with
25(OH)D status in male and female endurance runners or triathletes (n = 19) training in Louisiana
(169) or male professional soccer players (n = 20) residing in the United Kingdom (168). Both of
these investigations suffered from at least two of the previously stated issues.
After controlling for measured predictors, % body fat explained 10% of the variability in
25(OH)D status in our sample population of athletes. This observation is likely explained by the
influence of adipose tissue on 25(OH)D status. Adipose tissue is a known storage site for
cholecalciferol and 25(OH)D (166). It appears that adipose tissue sequesters calciferol
compounds when concentrations of 25(OH)D and its precursors are elevated in the serum (176)
and this process may be enhanced when endogenously synthesized cholecalciferol migrates from
the epidermis to the capillary beds (175). A strong, positive association (r = 0.68) between serum
and adipose tissue cholecalciferol concentrations has been reported in obese individuals (167).
This appears to support the hypothesis that adipose sequestration of the calciferol compounds is,
in part, dependent on concentrations in the serum. Additionally, a 57% reduction in 24-hour peak
serum cholecalciferol was documented after a single suberythemic dose of UV-B in obese
individuals (BMI > 30) when compared to normal weight individuals (BMI ≤ 25), despite no
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difference in cholecalciferol production in the skin (175). Regardless of its derivation, it is
thought that increased adipose accumulation is accompanied by an increased capacity to sequester
calciferol compounds (178).
Body adipose accumulation may negatively impact 25(OH)D status through other
mechanisms. It has been proposed that adipose accumulation may upregulate 1,25(OH)2D
production (175), which subsequently increases D-24-hydroxylase activity and the metabolic
degradation of both 25(OH)D and 1,25(OH)2D (46). Several other factors associated with obesity,
such as reduced D-25-hydroxylase activity in the liver, increased inflammation, reduced outdoor
activity, and increased skin coverage when outdoors may adversely affect 25(OH)D status (165).
Percent body fat was not associated with sun exposure frequency in our athletes (p = 0.43) and
was accounted for in our regression model. The extent to which the other aforesaid factors may
have influenced the association between 25(OH)D status and % body fat is unknown. Not one of
our athletes possessed a BMI high enough to be considered obese (BMI ≥ 30) and only one
athlete had greater than 19.6% body fat.
Reverse causality cannot be ruled out. The identification of the VDR in adipose tissue
and subsequent in vitro investigations have led to the hypothesis that poor vitamin D status may
contribute to adipose accumulation (179). However, the role of the calciferol hormones in adipose
tissue functioning in vivo has yet to be discerned (165, 179). The few randomized controlled trials
investigating the effect of vitamin D supplementation on weight loss do not support a causal
association between vitamin D and adipose accumulation (132).
The secondary purpose of this investigation was to estimate the prevalence of vitamin D
insufficiency in this population. This is the first investigation to report the vitamin D status in
competitive ice hockey players. Approximately 38% of the athletes had insufficient 25(OH)D
levels (< 32 ng·mL-1) (58). The prevalence of vitamin D deficiency/insufficiency in our
competitive ice hockey players was not as high as the majority of reports in athletes living outside
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of the United States, citing combined deficiency and insufficiency from 49-100% (78-80, 180,
181). While not one athlete in our cohort was vitamin D deficient (< 20 ng·mL-1), the prevalence
of insufficiency (< 32 ng·mL-1) was similar to that in 19 endurance runners training in Louisiana
(169). Although not in the winter (61%), a greater percentage of our athletes possessed
insufficient 25(OH)D status when compared to Division I collegiate athletes in Wyoming in the
spring (16%) and fall (9.8%) (81) .
Making comparisons between studies is complicated by the temporal characteristics of
data collection with respect to season. 25(OH)D status usually peaks in late summer and reaches
its nadir in late winter (49) due to the fluctuation of the presence of the UV-B radiation spectrum
that is necessary for endogenous synthesis and the profound effect endogenous synthesis has on
25(OH)D status (3). Very few UV-B photons reach the earth during the winter months in
geographic locations above 35 degrees latitude, which reduces or eliminates the possibility for
vitamin D synthesis during this time (76). We recruited hockey players residing near the
Minneapolis metropolitan (44.9° N) area during the off-season. The majority of the hockey
players in this study also competed near this location. Therefore, it is reasonable to assume that
during the data collection period, our athletes’ 25(OH)D levels were likely on the rise from a
nadir in late winter. We speculate that the prevalence of 25(OH)D insufficiency in our athletes
would have been substantially higher in late winter.
The descriptive and behavioral characteristics of the sporting population along with the
geographical location of in-season and off-season residence and travel likely contribute to the
observed variability in vitamin D deficiency/sufficiency prevalence between studies. The
variability in 25(OH)D status is thought to be largely induced by factors that influence
endogenous vitamin D synthesis: latitude, season, time of day, cloud cover, pollution, exposure
duration, clothing, sunscreen, skin pigmentation, and age (54). Other factors related to vitamin D
metabolism such as calcium intake, genetics, sex (54) and body mass (175) may also contribute to
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variability in 25(OH)D status. Athletes who practice and compete indoors may be at increased
risk for developing poor 25(OH)D status at some point throughout the year (79, 81).
The strong, positive correlation between 25(OH)D status and total dietary vitamin D
intake (r = 0.59, n = 53, p = 0.000) in our athletes was not expected. Although vitamin D intake
from food was associated with 25(OH)D status (r = 0.31, n = 53, p = 0.025), the strength of this
association appears to be largely mediated by the combined effect of multivitamin and vitamin D
supplement use (r = 0.45, n = 53, p = 0.001). From food alone, only 18.9% of athletes met the
RDA for vitamin D (600 IU). The prevalence of multivitamin and vitamin D supplement use in
our athletes was 41.5% and 22.6%, respectively. The percentage of athletes consuming the RDA
for vitamin D increased to 47.2% when combining vitamin D intake from food, multivitamins and
supplements. Sun exposure frequency was moderately correlated with 25(OH)D status (r = 0.33,
n = 53, p = 0.015). This is to be expected due to the strong influence of endogenous synthesis on
25(OHD status (3). Interestingly, total dietary vitamin D intake explained more of the variance in
25(OH)D status when compared to sun exposure frequency indicated by the part correlations of r
= 0.49 and r = 0.28, respectively, in our regression model. The strength of the association
between sun exposure frequency and 25(OH)D status is likely minimized due to the accuracy of
the self-reported questionnaire employed in this study (81) and the various factors that influence
endogenous synthesis of vitamin D (54).
Developing deficient/insufficient 25(OH)D status at any point during the year is
considered problematic (178). Due to the seasonal variation, the risk of poor 25(OH)D status
during the winter months appears to be elevated (81, 168, 176-178, 182). This may be especially
problematic for athletes that compete during the winter months. Although the evidence for
causality in athlete populations is lacking, poor vitamin D status may influence physical
performance in tasks related to strength, power, and aerobic fitness (49). Recently, a small
randomized, placebo controlled trial found improvements in 10-meter sprint times and vertical
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jump performance after eight weeks of vitamin D3 supplementation (5,000 IU) in mostly vitamin
D deficient UK soccer players (180). Vitamin D has also been associated with immune system
functioning. Frequency of illness (81), injury (53) and TNF-alpha (169), a biomarker of
inflammation, have been associated with 25(OH)D status in athletes. Correcting poor 25(OH)D
status may positively impact the health and physical performance of athletes.
This investigation has several limitations. The cross-sectional study design does not allow
for the determination of causality. A capillary blood sample was utilized for the determination of
25(OH)D status. Comparing the 25(OH)D values obtained in studies using a different assay
should be done with caution recognizing the reported inter-assay variation (58). The results of
this investigation are not generalizable outside of the scope of our sample population of hockey
players.
The main strengths in this study include the relatively large, homogenous sample
population of athletes. The homogeneity of the sample population, in theory, reduces the factors
that influence 25(OH)D status. The short study enrollment period during the offseason may have
reduced the influence of the yearly training cycle on physiological variables.
In conclusion, this is the first study to find an inverse association between % body fat and
25(OH)D status, after adjusting for environmental, dietary, and anthropometric predictors in a
sample population of athletes. It appears that elevated body fat may be an independent risk factor
for poor 25(OH)D status in athletes. This finding also has implications for cross-sectional studies
evaluating physical performance in athletes. Associations between 25(OH)D and measures
related to physical performance may be confounded by body adiposity and should be adjusted
accordingly. Future studies should examine the strength of association in female athletes and
athletes participating in other sports. The causal relationship between 25(OH)D and body
adiposity needs to be elucidated. The prevalence of vitamin D insufficiency in our ice hockey
players support the assertion that vitamin D supplementation may be needed for some athletes to
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achieve or maintain sufficient vitamin D status throughout the year (81, 168, 180-182).
Interventional trials in populations of athletes are needed to determine if 25(OH)D status is
causally related to the performance, illness and injury outcomes of interest. If so, appropriate
25(OH)D demarcation values indicating sufficiency for these outcomes need to be determined.
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Abstract
Recent evidence suggests that athletes are at risk for poor vitamin D status. The current
study utilized a cross-sectional design to investigate the strength of association between 25(OH)D
status and laboratory measures of physical performance in a sample population of competitive
hockey players. Fifty-three collegiate and junior male ice hockey players training near
Minneapolis, Minnesota (44.9° N) participated in the study during the offseason (May 16-June
28). Despite no athletes demonstrating a 25(OH)D concentration indicative of deficiency (< 20
ng·mL-1), significant bivariate correlations were detected between 25(OH)D status and measured
physical performance outcome variables. After adjusting for potential covariates, (binned)
25(OH)D status was only significantly associated with handgrip strength (p = 0.025) and trended
with PP during the WAnT (p = 0.089). Representing a novel finding of this study, 25(OH)D
status was inversely related to jump execution time (p = 0.035), time to peak power (p = 0.040)
and positively associated with force gradient (p = 0.020) during the squat jump after adjusting for
potential covariates. Interventional trials should investigate the impact of vitamin D
supplementation on physical performance outcomes and jump execution variables in vitamin D
deficient and insufficient athletes.
Introduction
Recent investigations in athletes appear to indicate that poor 25-hydroxyvitamin D
(25[OH]D) status is not only a general population concern (79, 169, 181). Classically known for
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its role in skeletal health, the vitamin D system is now considered to influence a vast and diverse
list of human tissues and processes (13). Pertinent to athletes, it is thought that vitamin D plays a
role in skeletal muscle homeostasis (183). The vitamin D system achieves its impact on target
tissues via a ligand and vitamin D receptor (VDR) interaction (13). The active form of vitamin D
(1,25[OH]2D) binds with the VDR in the cell membrane and cell nucleus which leads to rapid
non-genomic signaling and genomic signaling, respectively (13). Through this signaling it is
believed that the vitamin D system influences numerous processes, which may impact muscle
function: calcium and phosphate control, phospholipid metabolism, myogenic regulation and
contractile and regulatory protein concentrations (183).
The majority of the research investigating the impact of 25(OH)D status on measures of
physical performance has been conducted in aging populations. Of these investigations, evidence
from cross-sectional studies consistently supports a positive association between 25(OH)D status
and scores on physical performance evaluations, whereas, the results from interventional trials are
mixed (145). Evidence characterizing the association between 25(OH)D status and measures of
physical performance in athletes is lacking. Therefore, the purpose of this study was to investigate
the cross-sectional associations between 25(OH)D status and measures of physical performance
in a sample population of competitive ice hockey players.
Methods
Participants. Junior and collegiate male ice hockey players participating in offseason
training near the Minneapolis, Minnesota (44.9° N) metropolitan area were recruited to
participate in this study. The decision to recruit this sample of convenience was due to the
relatively homogenous population in terms of anthropometric characteristics, training exposure
and susceptibility to low vitamin D status. During the informed written consent process, study
participation details and risks were communicated, in an accessible manner, to the potential study
participants. Athletes who voluntarily consented to participate were enrolled in the study. The
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institutional review board at the University of Minnesota approved this study. The exclusion
criteria for this study were as follows: self-reported evidence of vitamin D metabolism disruption,
corticosteroid use, injury that inhibits performing physical performance tasks, and self-reported
playing position of goaltender.
Study Design. Testing sessions were conducted at the Human and Sport Performance
Laboratory, Mariucci arena and Ridder arena at the University of Minnesota. Participants
attended three testing sessions which included the following: 1) pretest questionnaire,
anthropometric and body composition evaluation and physical performance assessments; 2)
vitamin D and physical activity questionnaires, vitamin D assay and a graded exercise test; and 3)
on-ice skating performance evaluation, which will not be presented in this paper. Testing sessions
took place between the hours of 7:00AM and 3:30PM. Testing sessions for each participant were
separated by a minimum of two days and all testing sessions were completed within 9-14 days.
Participants were instructed to abstain from training prior to testing on testing days. Data was
collected for all participants between May 16 and June 28, 2012.
Anthropometric assessment and hydrostatic weighing. Standard measurements of
height and weight were recorded. The hydrostatic weighing technique was used to determine total
body density, residual lung volume was estimated (172) and % body fat was calculated using the
Brozek et al. (1963) equation. See Graves et al. (171) for a description of the hydrostatic
weighing procedure used. All measurements and calculations were performed using Exertech
Body Densitometry Systems software (Dresbach, MN).
Grip strength evaluation. A Jamar hydraulic dynamometer was used to determine the
grip strength of the athlete’s dominant hand. Grip strength testing was performed using the
standard testing position approved by the American Society of Hand Therapists (184). The grip
diameter was set at 3.8 cm. After one submaximal attempt and a brief rest period, the athlete was
instructed to maximally grip the device with their dominant hand for three seconds. The test was
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repeated two more times with a one-minute rest period between attempts. The scores were
averaged for the three attempts and reported in kilograms. Test-retest and inter-rater reliability for
the Jamar dynamometer are favorable (r > .9) (184).
Vertical jump evaluation. Vertical jump performance was assessed simultaneously by
jumping mechanography and the VertecTM (Huntington Beach, CA). The force platform (Kistler
9286AA, Switzerland) was located directly beneath the vanes of the VertecTM. Jump height and
jump execution variables were measured by jumping mechanography. Jump height was also
assessed using the VertecTM by the number of vanes contacted.
Before each test, ground force reaction data was verified for accuracy using calibration
weights. The athlete’s body mass while wearing athletic shoes, shorts, and a T-shirt was
measured using the weight function in BioWare® software (Kistler 2812A, Switzerland). The
force plate sampling frequency utilized during data collection was 1,202 Hz (185). Athletes
performed the squat jump (SJ) after a five-minute aerobic treadmill warm-up. Athletes were
instructed to squat down to a self-selected squat depth (approximately 90 degrees knee flexion),
which was held for approximately three seconds before a vertical jump for maximal height was
attempted (186). To eliminate arm swing, participants were instructed to place one arm on their
hip and the other above their head in a reaching position. Prior to vertical jump data collection,
athletes performed two submaximal practice jumps. Next, 3-5 SJs were performed allowing at
least 30-second rest periods between jumps. The test was terminated when the athlete failed to
increase jump height, as measured by the VertecTM, in two consecutive trials or after the fifth
trial. The best performance in regards to jump height was used in the data analysis.
The raw data was collected using BioWare® software (Kistler 2812A, Switzerland).
Force-time data were filtered using a fourth-order Butterworth low-pass filter with a cutoff
frequency of 50 Hz. Filtered data was exported and analyzed in Excel (Microsoft Corp.). A macro
program was created using Visual Basic (Microsoft Corp.), which was used to automate jump
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commencement and takeoff identification along with the calculation of jump height and jump
execution variables. Jump commencement was identified when the vertical net force trace
exceeded 2.5% of the participant’s body mass. A block moving average and peak residual were
calculated from a 0.3 second data sample selected from the middle of the flight phase when the
force plate was unloaded. Takeoff was identified at the first point the net force trace equaled the
average unloaded vertical force trace plus the peak residual. A similar procedure for takeoff
identification has previously been employed (185). The forward dynamics approach was used to
ascertain the vertical velocity of the center of mass (COM) from the ground force reaction data
(187). A description of the calculation of jump height and jump execution variables is presented
in Table 4. Measuring jump height from ground reaction forces using force plates is strongly
correlated (r = .96) with camera data and demonstrates favorable reliability (Rtt = .986) (188).
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Table 4. Descriptions of the calculation of jump height and jump execution variables from ground force
reaction data.
2

Vertical velocity of center of mass at takeoff / 2
Jump height (m)
gravity (185)
Jump execution time (s)

Time from jump commencement to takeoff

Peak force (N)

Highest vertical force trace prior to takeoff

Time to peak force (s)

Time from jump commencement to peak force

Time to half peak force (s)

Time from jump commencement to half peak force
-1

Peak rate of force development (N·s )

Peak time derivative of the vertical force trace
-1

Average rate of force development (N·s )
-1

Force gradient (N·s )

Peak force / time to peak force
Half peak force / time to half peak force (189)

-1

Acceleration gradient (N·s )

Half peak force / time to peak force – time to half
peak force (189)

Peak power (W)

Highest product of vertical force trace · velocity of
center of mass

Time to peak power (s)

Time from jump commencement to peak power

Wingate Anaerobic Test. The Wingate Anaerobic Test (WAnT) was used to assess
lower-body power production (190) and was performed on a Monarch 874 E cycle ergometer
(Langley, WA). Testing procedures for the WAnT were adopted from Maud et al. (190). Athletes
were instructed to pedal at a maximum velocity in an unloaded condition for approximately two
seconds, when a flywheel resistance load equaling 7.5% body mass was applied, and continue to
pedal maximally for the 30-second duration of the test. Participants’ peak power (PP) and mean
power (MP) were calculated as the highest average power recorded for intervals of five and 30
seconds, respectively (190). Power values during the test were recorded in watts and normalized
for body weight. Fatigue during the test was quantified by calculating the fatigue index. The
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reliability for both PP and MP during the WAnT is favorable (r = .91-.93) when using the 7.5%
body mass loading parameter (191).
Physical activity assessment. Self reported physical activity was assessed using the
Short Questionnaire to Assess Health-Enhancing Physical Activity (SQUASH) (192). See
Wendel-Vos et al. (192) for a complete description of the SQUASH. In the leisure domain,
athletes entered in activities specific to being a competitive hockey player and recreational
activities including, but not limited to: 1) on-ice activity; 2) weight training; 3) anaerobic and
aerobic conditioning; 4) recreational sports. MET scores for the added activities in the leisure
section were derived from Ainsworth et al. (193) and adjusted for participant rated effort. A total
physical activity score was calculated by multiplying weekly activity duration by adjusted activity
score and was reported as MET minutes per week. The validity and reliability for the SQUASH
are within normal parameters for physical activity questionnaires (192).
25(OH)D assay. Circulating 25(OH)D status was assessed from a capillary blood
sample. ZRT Laboratory’s instructions for collecting capillary blood samples were closely
followed. The dried blood spot cards were packaged appropriately and shipped to ZRT
Laboratory where 25(OH)D concentrations were determined using Liquid chromatographytandem mass spectrometry (LC-MS/MS). The ZRT laboratory dried blood spot technique is
strongly correlated to traditional serum measurement of 25(OH)D3 (r =.91) and 25(OH)D2 (r
=.90) and demonstrates favorable precision (CV ≤ 13%, reference range: 14-81 ng·mL-1) (174).
According to the manufacturer, the ZRT Laboratory dried blood spot assay is strongly correlated
(r2 = .97) with the DiaSorin RIA. ZRT laboratory participates in the Vitamin D External Quality
Assessment Scheme.
Statistical procedures. Data were screened at the univariate and multivariate levels for
deviations from normality. The Kolmogorov-Smirnov statistic was used to evaluate univariate
data. Vitamin D status and % body fat were logarithmically transformed to deal with positive
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skew and suspected outliers. If transformation of a variable did not improve the distribution of the
data, it was left untransformed. Percent body fat data was missing for two participants due to the
failure of hydrostatic weighing equipment to calibrate correctly during the testing session and the
inability of those participants to schedule an additional testing session. The missing values for
those participants were replaced using mean substitution specific to level of play. A procedural
error or failed calibration of the force plate was suspected for one participant’s squat jump data.
The linear relationship between the two vertical jump height devices was modeled using linear
regression. Values for Casewise Diagnostics standardized residual, Mahalanobis Distance, and
Cook’s Distance were above critical values, which confirmed our original suspicion and the data
point was removed.
Means and standard deviations are used to present descriptive characteristics. Pearson’s r
was used to evaluate associations between normally distributed continuous variables and
dichotomous variables. Spearman rho was utilized when a nonparametric test was needed.
Vitamin D status was analyzed as both a continuous and dichotomous variable. To investigate a
threshold effect, 25(OH)D status was binned at its midpoint (33.8 ng·mL-1). Theoretical
relationships and correlational matrices were evaluated to identify potential covariates. Physical
performance variables demonstrating significant associations with continuous or dichotomous
25(OH)D status were selected for further analysis. Handgrip strength was included in the
regression analysis despite lacking a significant bivariate association with 25(OH)D status to
allow for the statistical adjustment of weight and height (184). Hierarchal linear regression (HLR)
was used to model the relationships between 25(OH)D status and physical performance variables
while adjusting for potential covariates. Levels of play (194), weight, height, % body fat and
physical activity have been previously reported to be associated with physical performance tests
(195). Potential covariates were entered sequentially into step one in the HLR model while
25(OH)D status entered the model in step two. Multivariate normality was evaluated using
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residual plots from the regression analysis. An alpha of 0.05 and two-sided p-values were used
for all calculations. SPSS version 20.0 (IBM, Armonk, NY) was used for all statistical analyses.
Results
Of the 57 male junior and collegiate hockey players who volunteered to participate in the
study, data on 53 athletes (Mean ± SD: age = 20.1 ± 1.5 yr, height = 182 ± 6.3 cm, body mass =
84.3 ± 6.9 kg, body fat = 12.5 ± 3.9%, 53 Caucasian, 25 Division I, 17 Junior A, 11 Division III,
33 forwards, 20 defensemen) were available for analysis. One athlete reported sustaining a severe
injury to the lower body prior to the study that limited physical performance and was excluded
from study participation. After the first testing session, three athletes withdrew from study
participation. Mean 25(OH)D status for the athletes was 35.7 ± 8.9 ng·mL-1. The percentage of
the athletes with sufficient (≥ 32 ng·mL-1), insufficient (< 32 ng·mL-1) and deficient (< 20
ng·mL-1) 25(OH)D status (58) was 62.3%, 37.7% and 0%, respectively. Physical performance
and jump execution variable characteristics are presented in Table 5 and Table 6, respectively.
Table 5. Physical performance characteristics for the athletes (n = 53).

Handgrip strength (kg)
-1

Wingate – peak power (W·kg )
-1

Wingate – mean power (W·kg )
Wingate – fatigue index (%)
Jump height – Vertec

TM

(in)

Jump height – force platform (m) *
Note. * Indicates n = 52.

Mean (SD)

Min-Max

64 (9.6)

38-81

12.6 (1.0)

10.8-14.7

9 (0.6)

7.4-10.7

49.1 (7.0)

32.3-61.3

20.2 (2.8)

14.5-25

0.40 (0.06)

0.27-0.52
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Table 6. Jump execution variable characteristics during the squat jump for the athletes (n = 52).
Mean (SD)

Min-Max

0.413 (0.069)

0.292-0.631

1158 (148)

779-1461

Time to peak force (s)

0.314 (0.076)

0.141-0.502

Time to half peak force (s)

0.138 (0.084)

0.039-0.412

9337 (3002)

3642-17907

3926 (1352)

2180-8364

5708 (3009)

1364-13782

Acceleration gradient (N·s )

3789 (1620)

1428-8756

Peak power (W)

2805 (447)

1810-3792

0.342 (0.067)

0.228-0.547

Jump execution time (s)
Peak force (N)

-1

Peak rate of force development (N·s )
-1

Average rate of force development (N·s )
-1

Force gradient (N·s )
-1

Time to peak power (s)

25(OH)D status and handgrip strength. The bivariate associations between either
continuous or dichotomous 25(OH)D status and handgrip strength were not significant (p = 0.22;
p = 0.09). In HLR, (log of) 25(OH)D status was positively associated with handgrip strength after
controlling for weight, height (p = 0.019), level of play, % body fat and total physical activity (R2
= 0.39, Finc(1, 45) = 4.46, p = 0.040). A similar result was found when 25(OH)D status was
analyzed as a dichotomous variable (R2 = 0.40, Finc(1, 45) = 5.34, p = 0.025). The adjusted R2
change value indicates that 6.5% of the variability in handgrip strength is predicted by (binned)
25(OH)D status.
25(OH)D status and the Wingate Anaerobic Test. When analyzed as a continuous
variable, (log of) 25(OH)D status was not associated with any performance component during the
WAnT. There was a small, positive correlation between (binned) 25(OH)D status and PP during
the WAnT, r = 0.29, n = 53, p = 0.035. In HLR, (binned) 25(OH)D status was significantly
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associated with PP after adjusting for level of play (p = 0.013), but not after adjusting for % body
fat and total physical activity (R2 = 0.20, Finc(1, 47) = 3.01, p = 0.089).
25(OH)D status and Vertical Jump Performance. There was a medium, positive
correlation between either continuous or dichotomous 25(OH)D status and jump height as
measured by the VertecTM (r = 0.30, n = 53, p = 0.028; r = 0.38, n = 53, p = 0.005). Both (log of)
25(OH)D status and (binned) 25(OH)D status were not significantly associated with jump height
after adjusting for level of play, % body fat and total physical activity (p = 0.616; p = 0.149) in
HLR. The HLR results for (binned) 25(OH)D status and physical performance outcome variables
after adjustment for potential covariates are presented in Table 7.
Neither continuous nor dichotomous 25(OH)D status were associated with jump height
calculated from ground force reaction data (r = 0.18, n = 52, p = 0.21; r = 0.21, n = 52, p = 0.14).
Bivariate associations between (log of) 25(OH)D status and jump execution variables are
presented in Table 8. Jump execution variables were more strongly correlated to 25(OH)D status
as a continuous variable. After modeling the relationship between (log of) 25(OH)D status and
force gradient, we suspected that level of play may suppress the association between (log of)
25(OH)D status and the jump execution variables. Therefore, jump execution variables that
exhibited significant and trending bivariate correlations were analyzed using HLR. A significant
bivariate correlation existed between (log of) 25(OH)D status and time to half peak force (r = 0.28, n = 52, p = 0.046); however, HLR was not used for this variable due to its departure from
normality that could not be rectified through transformation. The HLR models for the jump
execution variables are presented in Table 9.
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Table 7. Hierarchal linear regression results for (binned) 25(OH)D status and physical performance
outcome variables after adjustment for potential covariates.
Unstandardized

Standardized

Coefficients

Coefficients

Correlations

Variable

Beta

Std. Error

Beta

t

p-value

partial

part

Handgrip strength (kg)

6.082

2.632

0.320

2.311

0.025

0.326

0.267

Wingate PP (W·kg )

0.546

0.315

0.267

1.736

0.089

0.245

0.226

Jump height (in)

1.135

0.774

0.209

1.466

0.149

0.209

0.177

-1

Note. Potential covariates; weight, height, level of play, % body fat and total physical activity. Wingate PP
and jump height were not adjusted for weight and height due to a lack of body size dependence. n = 53.

Table 8. Correlations between jump execution variables and (log of) 25(OH)D status.
r

p-value

Jump execution time (s)

-0.231

0.100

Peak force (N)

-0.016

0.908

Time to peak force (s)

-0.212

0.131

Time to half peak force (s)

-0.278

*

0.046

-1

Peak rate of force development (sqrt) (N·s )

0.216

0.126

*

0.678

0.323

0.020

-0.101

0.477

Peak power (W·kg )

0.031

0.825

Time to peak power (s)

-0.230

0.100

-1

Average rate of force development (N·s )
-1

Force gradient (N·s )
-1

Acceleration gradient (N·s )
-1

*

Note. indicates Spearman rho correlational test. n = 52.

0.059
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Table 9. Hierarchal linear regression of potential covariates and (log of) 25(OH)D status on jump
execution variables.
Control variables

RC

PCC

p-value

RC

Jump execution time (s)

PCC

p-value

Time to peak force (s)

Level of play

-0.228

-0.318

0.018

-.0221

-0.283

0.037

Total physical activity

-0.207

-0.282

0.035

-0.193

-0.242

0.071

Time to peak power (s)
Level of play

-0.217

-0.313

0.020

Total physical activity

-0.196

-0.275

0.040

-1

Peak RFD (sqrt) (N·s )
29.7

0.189

0.189

-1

Force gradient (N·s )
Level of play

10419

0.335

0.012

Weight, height, % body fat

11506

0.325

0.014

Total physical activity

10967

0.307

0.020

Note. RC indicates regression coefficient; PCC, part correlational coefficient; RFD, rate of force
development. Models with the jump execution variables as the dependent variable and (log of)
25(OH)D status as the independent variable of interest. Potential covariates were sequentially entered
into the control block using HLR guided by theoretical considerations. The addition of weight, height
and % body fat into the control block did not significantly impact the relationship between (log of)
25(OH)D status, jump execution time, time to peak force and time to peak power. n = 52.

Discussion
The primary aim of this investigation was to evaluate the strength of association between
25(OH)D status and laboratory measures of physical performance in a sample population of
athletes. The results from this investigation in competitive hockey players are mixed. Significant
bivariate associations were found between 25(OH)D status and two physical performance
outcome measures: PP during the WAnT (p = 0.035) and jump height (p = 0.005) when measured

TM
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by the Vertec . However, 25(OH)D status was not a significant predictor of either variable after
adjusting for measured covariates in HLR. Only for handgrip strength was 25(OH)D status a
significant predictor after adjusting for potential covariates in HLR, explaining 6.5% of the
variability in handgrip strength, with higher levels of 25(OH)D associated with increased
handgrip strength. This finding is consistent with previous investigations that found crosssectional associations between 25(OH)D status and measures of physical performance (21, 23,
25, 26, 28, 135, 137). However, these investigations have primarily been carried out in aging
populations and very few adjusted for body adiposity. We are not aware of any cross-sectional
investigations in athletes in which to make comparisons. To our knowledge, this is the first study
to demonstrate significant associations between 25(OH)D status and time-related jump execution
variables: jump execution time, time to half peak force, force gradient and time to peak power.
It appears that the bivariate associations between 25(OH)D status, PP during the WAnT
and jump height when measured by the VertecTM are confounded by body adiposity. Vitamin D
status (binned) was significantly associated with WAnT PP and jump height; however, neither
association remained significant after % body fat was entered into the control block in HLR (p =
0.084, p = 0.146). Vitamin D status was inversely associated with % body fat in our athletes. The
causal pathway responsible for this association needs clarification (165), but it appears that body
adiposity may sequester vitamin D (167).
The association between 25(OH)D status and multiple jump execution variables
represents a novel finding of this study. After adjusting for level of play and self-reported total
physical activity, 25(OH)D status was inversely associated with jump execution time (p = 0.035),
time to peak power (p = 0.040) and a trend was found for time to peak force (p = 0.071). Further
adjustment for weight, height and % body fat did not significantly impact the models, which
support the notion that these variables are body size independent (195). Vitamin D status was also
associated with time to half peak force (r = -0.28, n = 52, p = 0.046); albeit, this relationship was
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not modeled in HLR. In our athletes, it appears that higher levels of 25(OH)D positively
influenced time to develop force during the squat jump. The positive impact of 25(OH)D status
on time to develop force seems to manifest predominantly during the start of the movement.
Further supporting this notion, 25(OH)D status was a significant predictor of force gradient after
adjusting for potential covariates (p = 0.020), with higher levels of 25(OH)D associated with
increased rate of force development in the initial portion of squat jump execution. Nearly 9% of
the variability in force gradient was explained by 25(OH)D status in our model (adjusted R2
change = .089). Task-specific neuromuscular recruitment, muscle contractile properties and
strength likely influence RFD during the start of the squat jump (196). Specific to muscle,
numerous factors may account for the variability in RFD: muscle fiber type, cross-sectional area,
muscle-tendon visco-elastic properties, sarcoplasmic calcium kinetics and propagation of action
potentials (196, 197). It is possible that 25(OH)D status influences one or more of the
aforementioned physiological factors.
The exact mechanism responsible for the association between 25(OH)D status, handgrip
strength and the jump execution variables in our athletes is not known. The vitamin D system
achieves its influence on target tissues when 1,25(OH)2D is derived from circulating 25(OH)D
and binds with the VDR, initiating non-genomic and genomic signaling (13). The VDR has been
identified in skeletal muscle tissue and numerous non-genomic and genomic effects of
1,25(OH)2D have been documented (14). Experimental studies in animals have reported
reductions in sarcoplasmic reticulum (SR) volume, T tubule size, troponin C, and actin content in
vitamin D depleted animals (183). Furthermore, these investigations demonstrate that
1,25(OH)2D modulates SR calcium kinetics, phosphate control, phospholipid metabolism and
myogenic regulation (14). Disruptions in muscle contractile properties have also been noted.
Time to peak tension after electrical stimulation was increased in vitamin D deficient rats (183). It
appears that type II muscle fibers are more susceptible to the effects of severe 25(OH)D

84
deficiency in humans (14). Secondary hyperparathyroidism associated with 25(OH)D deficiency
may also negatively influence skeletal muscle (14). Vitamin D may also impact the functioning of
the central nervous system as the VDR has been identified in neurons and glial cells (198). The
impact of 25(OH)D status on physical performance at the circulating concentrations observed in
our athletes is unclear.
Interestingly, the bivariate associations were stronger when 25(OH)D status was analyzed
as a dichotomous variable for physical performance outcome measures, but not for measured
jump execution variables. Although difficult to interpret with our small sample, this may indicate
that a threshold effect for 25(OH)D status may exist near our binned midpoint for physical
performance outcomes. A linear model better fit the data for the jump execution variables. This
may indicate that 25(OH)D status may have a differential impact on select components of task
execution. It should be noted that no athlete in our cohort had deficient 25(OH)D levels, which
may have contributed to the lack of association between 25(OH)D status and physical
performance outcome measures after statistical adjustment.
This investigation has several limitations. The study population may not be representative
of athletes participating in other sports and female athletes were not recruited. Vitamin D status
was measured from a capillary blood sample. Due to inter-assay variation, caution should be
taken when interpreting and comparing 25(OH)D levels between studies. Reliability data
pertaining to the jump execution variables is scarcely documented in the literature. Future
investigations should address the reliability concerns of theses variables before they are used in
prospective trials. Our study has approximately 80% power to detect moderate correlations
(0.37). Failure to detect relationships that are potentially relevant to sport may be due to type II
error. Causal relationships cannot be determined due to the cross-sectional study design. Residual
confounding may exist after adjusting for self-reported total physical activity due to the likely
failure of MET-minutes to account for the task-specific adaptations of training. However, the
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impact of the yearly training cycle on physical performance variables may have been mitigated
due to the short study enrollment period during the offseason. Since all of our athletes were
competitive hockey players, physical activity demands associated with sports participation and
training exposure were likely similar. All athletes were participating in offseason conditioning
programs at the time of study. However, the duration of the offseason conditioning participation
and specific content of the conditioning programs were not evaluated.
In conclusion, 25(OH)D status was positively associated with handgrip strength, trended
with PP during the WAnT, but not with vertical jump height after adjusting for measured
covariates in a sample population of athletes. A novel finding of this study is the association
between 25(OH)D status and jump execution variables in our athletes. It appears that 25(OH)D
status may positively impact time to develop force and rate of force development during the
initial portion of the squat jump. The impact of time to develop force and force gradient on
physical performance outcomes associated with hockey performance is unknown. Future
investigations incorporating interventional study designs are needed to determine if 25(OH)D
status is causally related to jump execution variables and measures of physical performance in
athletes with deficient and insufficient 25(OH)D status.
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Abstract
Vitamin D status has been associated with cardiorespiratory fitness (CRF) in crosssectional investigations in the general population. Data characterizing the association between
25(OH)D status and CRF in athletes is lacking. Junior and collegiate ice hockey players were
recruited from the Minneapolis, Minnesota (44.9° N) area during the offseason (May 16-June 28).
The purpose of this study was to examine the cross-sectional association between 25(OH)D status
and CRF in a sample population of competitive ice hockey players. Circulating 25(OH)D level
was assessed from a capillary blood sample analyzed using liquid chromatography-tandem mass
spectrometry. VO2peak during a skate treadmill graded exercise test (GXT) was used to
characterize cardiorespiratory fitness. Data on both 25(OH)D status and VO2peak was available for
52 athletes. Insufficient 25(OH)D concentrations were found in 37.7% of the athletes (< 32
ng·mL-1). Vitamin D status was not significantly associated with any physiological or physical
parameter during the skate treadmill GXT.
Introduction
Vitamin D is obtained through the diet or endogenously produced in the skin from
sunlight exposure (46). Despite this duel source, 25-hydroxyvitamin D (25[OH]D) deficiency and
insufficiency are commonly reported in the general population (7) and evidence of insufficiency
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in populations of athletes is starting to accumulate (79, 169, 181). Insufficient circulating
25(OH)D levels may negatively impact the kinetics of the active form, 1,25-dihydroxyvitamin D,
which is a steroid hormone synthesized as needed by the kidneys or in tissues that possess 1-alpha
hydroxylase activity (45). The altered kinetics of 1,25-dihydroxyvitamin D may negatively
impact the non-genomic and genomic signaling in tissues that express the vitamin D receptor
(13).
The presence of the vitamin D receptor in cardiac muscle, vascular tissue and skeletal
muscle (112) supports the notion that the vitamin D system may impact the cardiovascular
system’s ability to transport oxygenated blood and the skeletal muscles’ ability to utilize oxygen.
In its active form, 1,25-hydroxyvitmain D is believed to influence the structural remodeling of
cardiac and vascular tissue (111). Improved cardiac muscle function has been reported in clinical
populations after severe 25(OH)D deficiency was treated (111). Improvements in flow-mediated
dilation and blood pressure have been linked to correcting vitamin D deficiency (112, 116).
Recently, treating severe 25(OH)D deficiency has been associated with improved mitochondrial
oxidative capacity in skeletal muscle (199). These converging lines of evidence indicate that poor
25(OH)D status could negatively influence cardiorespiratory fitness (CRF).
CRF is commonly characterized by the maximal oxygen consumption during a graded
exercise test (GXT) and is used to evaluate the functioning of the cardiovascular system (200).
Oxygen consumption during a GXT is dependent on cardiac output and arteriovenous oxygen
difference. The established relationship between CRF and health-related outcomes underpin the
importance of this measure in all populations (200). Specific to sporting populations, CRF is a
valuable measure due to its association with endurance performance potential (201, 202),
repeated sprint ability (203) and training adaptation (204).
It has been proposed that 25(OH)D status may impact CRF measures in athletes (49).
Evidence from early European studies investigating the impact of ultra-violet B exposure and
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seasonality on measures of CRF has been primarily used to support the link (2, 49). Recently,
poor vitamin D status has been associated with reduced CRF in cross-sectional epidemiologic
investigations (37, 38, 205, 206). However, these investigations are not generalizable to athletes.
To our knowledge, the association between 25(OH)D status and CRF in athletes has not been
previously reported. Therefore, the purpose of this study was to examine the cross-sectional
association between 25(OH)D status and CRF in a sample population of athletes.
Methods
Experimental approach to the problem. A cross-sectional study design was utilized to
evaluate the association between 25(OH)D status and peak oxygen consumption (VO2peak) during
a skate treadmill GXT. An observational approach to the problem is justified due to the absence
of data regarding the influence of 25(OH)D status on CRF in athletes. During a 9-14 day period,
athletes participated in three testing sessions at the Human and Sport Performance Laboratory and
the Mariucci and Ridder Arenas at the University of Minnesota. Hydrostatic weighing,
anthropometric assessments, laboratory physical performance tests and a skate treadmill
familiarization session were conducted in session one. The skate treadmill GXT and 25(OH)D
assay were completed during session two, along with a physical activity questionnaire. On-ice
skating performance was evaluated in session three; however, this data will not be presented in
this paper. At least two days separated each testing session. Before testing commenced,
participants were given instructions to avoid training on testing days. Study enrollment began on
May 16 and data collection concluded on June 28, 2012.
Subjects. Fifty-seven Caucasian male competitive ice hockey players volunteered to
participate in this study. Athletes were recruited during the off-season from the Minneapolis,
Minnesota (44.9° N) area. Informed written consent was obtained after the procedures and risks
associated with study participation were explained in detail. The Institutional Review Board at the
University of Minnesota approved this study. Exclusion criteria were self-reported evidence of
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vitamin D metabolism disruption, corticosteroid use, injury that inhibited performing physical
performance tasks. Goaltenders were also excluded from study participation.
Data were available for both 25(OH)D status and VO2peak for 52 ice hockey players (25
Division I, 17 Junior A, 10 Division III; 32 forwards, 20 defensemen) after dropout, exclusion
and equipment issues. One athlete was excluded from participating in the study due to a previous
injury and three athletes dropped out after the first testing session. One athlete had an equipment
issue concerning his skates and was not able to participate in the skate treadmill GXT. The
descriptive characteristics for the athletes are presented in Table 10.
Table 10. Athlete characteristics (n = 53).
Mean (SD)

Min-Max

Age (years)

20.1 (1.5)

18-23

Height (cm)

182.0 (6.3)

169.5-197.8

Weight (kg)

84.3 (6.9)

71.2-98.5

BMI (kg·m )

-2

25.4 (1.3)

21.5-27.7

Percent body fat (%) (n = 51)

12.5 (3.9)

7.1-28.9

Equipment. The skate treadmill GXT was conducted on a motor-driven skate treadmill
(Acceleration Products Inc., Fargo, ND). Oxygen consumption was assessed using indirect
calorimetry via open-circuit spirometry using an Ultima CPXTM (Medical Graphics, St. Paul,
MN). Heart rate (HR) was measured with Polar S810 HR monitor (Kempele, Finland). Percent
body fat was determined via hydrostatic weighing using Exertech Body Densitometry Systems
software (Dresbach, MN). Standard measures of height and weight were taken using a wallmounted stadiometer (Genentech Inc.) and mechanical scale (Detecto Scale Co.).
Procedures. Standard measures of height and weight were recorded at the beginning of
session one. Height and weight were measured to the nearest 0.1 cm and 0.1 kg, respectively.
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Next, the hydrostatic weighing technique was used to determine body density (171). The
procedure used for hydrostatic weighing is described in Graves et al. (171). Briefly, residual lung
volume was estimated (172) and percent body fat was determined using the Brozek et al. (1963)
equation. At the conclusion of the first testing day, athletes underwent a skate treadmill
familiarization trial. The intent of the familiarization trail was to allow the athletes to become
accustomed to skating on the treadmill and the protocol. During the familiarization trial, the
athletes performed the exact protocol that would be used during the GXT.
Upon arrival to the laboratory for session two, a non-fasted capillary blood sample was
collected from each athlete for the determination of 25(OH)D status. The capillary blood sample
was collected, stored, packaged and shipped in strict accordance to ZRT Laboratory’s
specifications. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) was used to
determine 25(OH)D concentrations from dried bloodspot samples. The ZRT laboratory dried
blood spot technique is strongly correlated to traditional serum measurement of 25(OH)D3 (r
=.91) and 25(OH)D2 (r =.90) and demonstrates favorable precision (CV ≤ 13%, reference range:
14-81 ng·mL-1) (174). According to the manufacturer, the ZRT Laboratory dried blood spot assay
is strongly correlated (r2 = .97) with the DiaSorin radioimmunoassay. ZRT laboratory participates
in the Vitamin D External Quality Assessment Scheme.
Following the 25(OH)D assay, athletes performed a skate treadmill GXT. The skate
treadmill GXT protocol used in this study was adopted from Koepp and Janot (207). The skate
treadmill GXT was selected because it allows for a sport-specific assessment of VO2peak in hockey
players (207-209). The results from our pilot testing indicated that this protocol was appropriate
for our sample population of hockey players. The protocol was continuous in nature with 1minute stages, with an initial speed and grade of 6.5 mph and 2%, respectively. Workload
progression was achieved by a 0.5 mph increase in speed after stages 1-7 and 1% increase in
grade after each stage thereafter. The test was terminated upon the athlete’s voluntary cessation.
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Athletes wore a harness connected to an overhead support system as a safety precaution. The
subjects were not unweighted to any degree during the performance of the test.
The Ultima CPXTM was calibrated prior to each test. The athlete was fitted with a Polar
HR monitor. The athlete’s safety harness was inspected to ensure that it was secured correctly and
attached to the overhead track appropriately. Just prior to the commencement of the test, the
athlete was fitted with a neoprene facemask (Medical Graphics, St. Paul, MN) and the umbilical
unit was attached. Collection lines were cleared after each test to remove moisture and were
replaced after every third trial.
Statistical analysis. SPSS version 20.0 (IBM, Armonk, NY) was used for all statistical
analyses. Data were inspected at the univariate level for normality and the Kolmogorov-Smirnov
test was also utilized prior to further analysis. A logarithmic transformation was performed on
25(OH)D status, which successfully eliminated the positive skew and reduced the influence of a
few suspected outliers. Descriptive characteristics are presented as means and standard
deviations. Pearson moment-product correlation coefficients were used to evaluate the association
between (log of) 25(OH)D status and physiological and physical performance variables during
the skating treadmill GXT. Statistical significance was determined using two-sided p-values and
an alpha of 0.05. This exploratory investigation had approximately 80% power to detect moderate
correlations (0.37).
Results
The mean 25(OH)D concentration for the athletes was 35.7 ± 8.9 ng·mL-1. None of the
athletes’ 25(OH)D concentrations were below the threshold for deficiency (< 20 ng·mL-1) (58).
Insufficient 25(OH)D concentrations were found in 37.7% of the athletes (< 32 ng·mL-1) (58).
Table 11 provides the descriptive data for the physiological and physical parameters during the
skating treadmill GXT. Figure 3 depicts the distribution of skate treadmill GXT duration for the
athletes. The bivariate associations between (log of) 25(OH)D status and these parameters are
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presented in Table 12. Vitamin D status (log) was not significantly associated with any parameter
during the skate treadmill GXT.
Table 11. Descriptive characteristics for the skate treadmill graded exercise test for the athletes (n = 52).

-1

Absolute VO2peak (ml·min )
-1

-1

Relative VO2peak (ml·min ·kg )
-1

Max heart rate (b·min )
Peak RER
Final stage completed (stage)
Total exercise time (min)

Mean (SD)

Min-Max

4604 (431)

3729-5843

54.6 (4.3)

44.9-64.4

199 (10)

179-221

1.20 (0.07)

1.07-1.37

9.5 (2.2)

4-14

9.94 (2.16)

4.38-14.13

Figure 3. Distribution of skate treadmill GXT duration for the athletes
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Table 12. Correlations between (log of) 25(OH)D status and physiological and physical performance
parameters during the skate treadmill graded exercise test (n = 52).
r

p-value

-0.103

0.469

0.052

0.713

Max heart rate (b·min )

0.059

0.689

Peak RER

0.151

0.284

Final stage completed (stage)

0.154

0.277

Total exercise time (min)

0.173

0.220

1

Absolute VO2peak (ml·min- )
1

-1

Relative VO2peak (ml·min- ·kg )
-1

Discussion
The purpose of this investigation was to examine the association between 25(OH)D status
and CRF in male hockey players. We did not detect a significant bivariate association between
25(OH)D status and any measured physiological or physical parameter during the skating
treadmill GXT. We are unaware of any other investigations in athletes in which to compare our
results. Findings from previous studies in non-athlete populations have reported significant
associations between 25(OH)D status and CRF (37, 38, 128, 205, 206, 210, 211). Of the studies
that reported bivariate correlations between 25(OH)D status and CRF, the strength of the
unadjusted associations denoted as significant ranged from r = 0.07 to r = 0.36 (37, 128, 206, 210,
211).
The strongest bivariate correlation was detected in a population of 59 health young
females ranging in age from 16 to 24 years (210). Interestingly, the majority (72%) of the study
participants possessed sufficient 25(OH)D levels and no participant’s levels were below 15 ng·mL-1 (210). No further analysis was conducted in this investigation to examine whether body
adiposity mediated the relationship between 25(OH)D status and CRF. Since body adiposity was
inversely associated with CRF (r = -0.70) and 25(OH)D status (r = -0.44) in this study, calciferol
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compound sequestering by body adiposity (166, 167, 175) likely contributed to the strength of the
reported bivariate association. It is possible that the restricted range of body fat in our athletes
(12.5% ± 3.9) reduced confounding created by body adiposity, contributing to the lack of an
association in our athletes.
Adjusting for the heterogeneous characteristics inherent in large population samples tends
to reduce the reported bivariate associations between 25(OH)D status and CRF. In a large cohort
of adolescents, 25(OH)D status was associated with CRF before (r = 0.21) and after (r = 0.10)
adjusting for covariates; although, body adiposity was not included as a covariate (128). Vitamin
D status was associated with CRF (r = 0.29) in 200 adults participating in a clinical trial
investigating the impact of statins and physical performance (37). Interestingly, they reported an
interaction between 25(OH)D status and hours spent participating in moderate and vigorous
physical activity (37). When data were analyzed by percentiles of physical activity, 25(OH)D
status was associated with CRF when physical activity was low and moderate (p < 0.001), but not
high (p = 0.9). In an analysis of the National Health and Nutrition Examination Survey, 25(OH)D
status was associated with CRF in men (r = 0.11) and women (r = 0.07) with a mean age of 28.9
± 0.2 years, but neither association remained significant after adjusting for age, race/ethnicity,
season, self-reported physical activity and BMI in general linear regression (211). A small effect
was detected (1.7 ml·kg-1·min-1, p = 0.001) in men when data was analyzed based on deficiency
(211). Beyond demonstrating that the association between 25(OH)D status and CRF is weak in a
representative sample of the United States population, this investigation appears to indicate that
the severity of 25(OH)D insufficiency in the study sample may also influence the strength of
association between 25(OH)D status and CRF.
It is possible that the homogenous population of competitive hockey players in this study
reduced the influence of covariates that tend to augment the association between 25(OH)D status
and CRF. The sample population characteristics and short data collection period preclude the
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need to adjust for many covariates: age, sex, race/ethnicity and season. It is possible that agerelated changes in 25(OH)D status and metabolism strengthen the relationship between 25(OH)D
and CRF (211). Compared to the general population, it is reasonable to assume that these athletes
participated in more moderate and vigorous physical activity. It appears that higher levels of
physical activity may attenuate the association between 25(OH)D status and CRF (37). The mean
MET·min·week-1 for moderate and vigorous physical activity was 6278 ± 3245 in our athletes as
assessed using the Short Questionnaire for Health Enhancing Physical Activity (192) (data not
presented). As previously mentioned, the restricted range of body fat in these athletes (12.5 ± 3.9)
may reduce the potential confounding produced by body adiposity. Furthermore, none of our
athletes had deficient 25(OH)D levels. While 37.7% of our athletes possessed insufficient
25(OH)D levels, deficiency may be necessary to result in compromised CRF (211). Analyzing
the data based on insufficiency did not significantly impact the correlations between 25(OH)D
status and any parameter during the skating treadmill GXT (data not shown).
In our athletes, relative VO2peak during a skating treadmill GXT was used to characterize
CRF. The mean relative VO2peak in our athletes was similar to the reported VO2max in comparative
populations of competitive ice hockey players obtained during GXTs employing other modalities
of exercise (212). The decision to use the skating treadmill GXT was guided by the principle of
specificity. In athletes, it is generally recommended that the GXT modality used should reflect the
primary locomotion involved in their sport (213). Utilizing sport-specific GXTs may improve the
relevance of the testing data in hockey players (214). The optimal duration of a GXT is thought to
be within 8-12 minutes (215). Approximately 17% of our athletes were below and 19% were
above the stated optimal total test duration for a GXT. Only four athletes ended the GXT before
7.5 minutes. Two of the three secondary criteria for reaching VO2max during a GXT were also
achieved in the overwhelming majority of our athletes: a respiratory exchange ratio of greater
than 1.10 (213) was not achieved in two athletes and one athlete failed to reach 90% of his age-
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predicted maximum HR during the skating treadmill GXT (215). This data confirms our pilot
testing that the skating treadmill protocol designed by Koepp and Janot (207) is well suited for
use in junior and collegiate hockey players.
This investigation has several limitations. The homogenous characteristics of the sample
population limit the generalizability of this data. A capillary blood sample was used for the
determination of 25(OH)D status. Interassay variation may complicate the comparison of
25(OH)D status between studies. This exploratory investigation was powered to detect moderate
correlations and may fail to detect meaningful associations relevant to hockey performance. The
validity and reliability of the skating treadmill GXT has not been well characterized. However, no
significant difference in VO2max was found when comparing the continuous skating treadmill
GXT and that obtained on a running treadmill (207). The results from our investigation indicate
that the ideal parameters for a GXT were met in the majority of the athletes. The major strength
of our study is the relatively large, homogenous sample population of athletes, which reduces the
confounding by other factors. The short data collection period may ameliorate the impact of the
training cycle on physical and physiological variables.
Practical Application
Evidence from large epidemiologic cross-sectional investigations appear to indicate that
25(OH)D status is associated with CRF. However, these investigations are not generalizable to
athletes, the strength of the association between 25(OH)D status and CRF is generally weak (37,
128, 206, 211), and the association appears to be attenuated by time spent participating in
moderate and vigorous physical activity (37). Vitamin D status was not associated with VO2peak or
end stage completed during a skating treadmill GXT in junior and collegiate male hockey players.
Compared to the large epidemiologic studies, our investigation lacks statistical power to detect
associations that are potentially relevant to sport. However, our exploratory investigation
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indicates that the magnitude of the effect in athletes may be weaker than that observed in
epidemiologic studies. The practical significance of such a weak association is unknown.

Acknowledgements: The authors express their gratitude to the athletes who volunteered to
participate in this study. Thanks to Ron Fremling and Darren Drumsta from Medical Graphics
Corporation for donating equipment and technical support to enable the measurement of VO2peak
during the skating treadmill GXT. We would also like to thank Holly Lewis and Nolan Anderson
who volunteered their time to assist with data collection for this study. The Human and Sport
Performance Laboratory at the University of Minnesota funded this study. The authors disclose
no conflicts of interest. The results of this study do not constitute endorsement of the product by
the authors or the National Strength and Conditioning Association.

99
CHAPTER 6: References

100
CHAPTER 6: References
References
1. Holick MF, Chen TC. Vitamin D deficiency: A worldwide problem with health consequences.
Am J Clin Nutr. 2008 Apr;87(4):1080S-6S.

2. Bartoszewska M, Kamboj M, Patel DR. Vitamin D, muscle function, and exercise
performance. Pediatr Clin North Am. 2010 Jun;57(3):849-61.

3. Holick MF. Vitamin D: A D-lightful health perspective. Nutr Rev. 2008;66(2 Suppl):S182-94.

4. Larson-Meyer DE, Willis KS. Vitamin D and athletes. Curr Sports Med Rep. 2010 JulAug;9(4):220-6.

5. Schwalfenberg GK, Genuis SJ, Hiltz MN. Addressing vitamin D deficiency in canada: A
public health innovation whose time has come. Public Health. 2010 Jun;124(6):350-9.

6. Hamilton B. Vitamin D and human skeletal muscle. Scand J Med Sci Sports. 2010
Apr;20(2):182-90.

7. Forrest KY, Stuhldreher WL. Prevalence and correlates of vitamin D deficiency in US adults.
Nutr Res. 2011;31(1):48-54.

8. Adams JS, Hewison M. Update in vitamin D. J Clin Endocrinol Metab. 2010 Feb;95(2):471-8.

9. Giovannucci E. Expanding roles of vitamin D. J Clin Endocrinol Metab. 2009 Feb;94(2):41820.

101
10. Holick MF. Vitamin D : Molecular biology, physiology, and clinical applications. Totowa,
N.J.: Humana Press; 2010.

11. DeLuca HF. Overview of general physiologic features and functions of vitamin D. Am J Clin
Nutr. 2004;80(6 Suppl):1689S-96S.

12. Yetley EA. Assessing the vitamin D status of the US population. Am J Clin Nutr.
2008;88(Suppl 2):558S-64S.

13. Norman AW. From vitamin D to hormone D: Fundamentals of the vitamin D endocrine
system essential for good health. Am J Clin Nutr. 2008 Aug;88(2):491S-9S.

14. Ceglia L. Vitamin D and skeletal muscle tissue and function. Mol Aspects Med.
2008;29(6):407-14.

15. Ceglia L. Vitamin D and its role in skeletal muscle. Curr Opin Clin Nutr Metab Care.
2009;12(6):628-33.

16. Lips P. Vitamin D physiology. Prog Biophys Mol Biol. 2006;92(1):4-8.

17. Pfeifer M, Begerow B, Minne HW. Vitamin D and muscle function. Osteoporosis Int.
2002;13(3):187-94.

18. Endo I, Inoue D, Mitsui T, Umaki Y, Akaike M, Yoshizawa T, et al. Deletion of vitamin D
receptor gene in mice results in abnormal skeletal muscle development with deregulated
expression of myoregulatory transcription factors. Endocrinology. 2003;144(12):5138-44.

102
19. Tagliafico AS, Ameri P, Bovio M, Puntoni M, Capaccio E, Murialdo G, et al. Relationship
between fatty degeneration of thigh muscles and vitamin D status in the elderly: A
preliminary MRI study. AJR Am J Roentgenol. 2010 Mar;194(3):728-34.

20. Gilsanz V, Kremer A, Mo A, Wren TAL, Kremer R. Vitamin D status and its relation to
muscle mass and muscle fat in young women. J Clin Endocrinol Metab. 2010;95(4):1595601.

21. Ward KA, Das G, Berry J, Roberts S, Rawer R, Adams J, et al. Vitamin D status and muscle
function in post-menarchal adolescent girls. J Clin Endocrinol Metab. 2009;94(2):559-63.

22. Shardell M, Hicks G, Miller R, Kritchevsky S, Andersen D, Bandinelli S, et al. Association of
low vitamin D levels with the frailty syndrome in men and women. J Gerontol A Biol Sci
Med Sci. 2009;64(1):69-75.

23. Foo L, Zhang Q, Zhu K, Ma G, Hu X, Greenfield H, et al. Low vitamin D status has an
adverse influence on bone mass, bone turnover, and muscle strength in chinese adolescent
girls. J Nutr. 2009;139(5):1002-7.

24. Boxer RS, Dauser DA, Walsh SJ, Hager WD, Kenny AM. The association between vitamin D
and inflammation with the 6-minute walk and frailty in patients with heart failure. J Am
Geriatr Soc. 2008 Mar;56(3):454-61.

25. Houston DK, Cesari M, Ferrucci L, Cherubini A, Maggio D, Bartali B, et al. Association
between vitamin D status and physical performance: The InCHIANTI study. J Gerontol A
Biol Sci Med Sci. 2007 Apr;62(4):440-6.

103
26. Mowe M, Haug E, Bohmer T. Low serum calcidiol concentration in older adults with reduced
muscular function. J Am Geriatr Soc. 1999 Feb;47(2):220-6.

27. LeBoff MS, Hawkes WG, Glowacki J, Yu-Yahiro J, Hurwitz S, Magaziner J. Vitamin Ddeficiency and post-fracture changes in lower extremity function and falls in women with
hip fractures. Osteoporos Int. 2008 Sep;19(9):1283-90.

28. Bischoff-Ferrari H, Dietrich T, Orav EJ, Hu F, Zhang Y, Karlson E, et al. Higher 25hydroxyvitamin D concentrations are associated with better lower-extremity function in both
active and inactive persons aged > or =60 y. Am J Clin Nutr. 2004;80(3):752-8.

29. Gupta R, Sharma U, Gupta N, Kalaivani M, Singh U, Guleria R, et al. Effect of
cholecalciferol and calcium supplementation on muscle strength and energy metabolism in
vitamin D deficient asian indians: A randomized controlled trial. Clin Endocrinol (Oxf).
2010 Apr 23;73:445-51.

30. Moreira-Pfrimer LD, Pedrosa MA, Teixeira L, Lazaretti-Castro M. Treatment of vitamin D
deficiency increases lower limb muscle strength in institutionalized older people
independently of regular physical activity: A randomized double-blind controlled trial. Ann
Nutr Metab. 2009;54(4):291-300.

31. Pfeifer M, Begerow B, Minne HW, Suppan K, Fahrleitner-Pammer A, Dobnig H. Effects of a
long-term vitamin D and calcium supplementation on falls and parameters of muscle
function in community-dwelling older individuals. Osteoporosis Int. 2009;20(2):315-22.

104
32. Bunout D, Barrera G, Leiva L, Gattas V, de la Maza MP, Avendano M, et al. Effects of
vitamin D supplementation and exercise training on physical performance in chilean vitamin
D deficient elderly subjects. Exp Gerontol. 2006 Aug;41(8):746-52.

33. Onder G, Capoluongo E, Danese P, Settanni S, Russo A, Concolino P, et al. Vitamin D
receptor polymorphisms and falls among older adults living in the community: Results from
the ilSIRENTE study. J Bone Miner Res. 2008 Jul;23(7):1031-6.

34. Hopkinson NS, Li KW, Kehoe A, Humphries SE, Roughton M, Moxham J, et al. Vitamin D
receptor genotypes influence quadriceps strength in chronic obstructive pulmonary disease.
Am J Clin Nutr. 2008 Feb;87(2):385-90.

35. Windelinckx A, De Mars G, Beunen G, Aerssens J, Delecluse C, Lefevre J, et al.
Polymorphisms in the vitamin D receptor gene are associated with muscle strength in men
and women. Osteoporos Int. 2007 Sep;18(9):1235-42.

36. Barr R, Macdonald H, Stewart A, McGuigan F, Rogers A, Eastell R, et al. Association
between vitamin D receptor gene polymorphisms, falls, balance and muscle power: Results
from two independent studies (APOSS and OPUS). Osteoporos Int. 2010 Mar;21(3):457-66.

37. Ardestani A, Parker B, Mathur S, Clarkson P, Pescatello LS, Hoffman HJ, et al. Relation of
vitamin D level to maximal oxygen uptake in adults. Am J Cardiol. 2011;105:122-8.

38. Farrell SW, Cleaver JP, Willis BL. Cardiorespiratory fitness, adiposity, and serum 25dihydroxyvitamin D levels in men. Med Sci Sports Exerc. 2011;43(2):266.

105
39. Sato Y, Iwamoto J, Kanoko T, Satoh K. Amelioration of osteoporosis and hypovitaminosis D
by sunlight exposure in hospitalized, elderly women with alzheimer's disease: A randomized
controlled trial. J Bone Miner Res. 2005;20(8):1327-33.

40. Gallagher JC. The effects of calcitriol on falls and fractures and physical performance tests. J
Steroid Biochem Mol Biol. 2004 May;89-90(1-5):497-501.

41. Ward KA, Das G, Roberts SA, Berry JL, Adams JE, Rawer R, et al. A randomized, controlled
trial of vitamin D supplementation upon musculoskeletal health in postmenarchal females. J
Clin Endocrinol Metab. 2010 Jul 14;95(10):0000-.

42. Fuleihan G, Nabulsi M, Tamim H, Maalouf J, Salamoun M, Khalife H, et al. Effect of vitamin
D replacement on musculoskeletal parameters in school children: A randomized controlled
trial. J Clin Endocrinol Metab. 2006;91(2):405-12.

43. Marantes I, Achenbach SJ, Atkinson EJ, Khosla S, Melton LJ, Amin S. Is vitamin D a
determinant of muscle mass and strength? Journal of Bone and Mineral Research.
2011;26(12):2860-71.

44. DeLuca HF. Evolution of our understanding of vitamin D. Nutr Rev. 2008 Oct;66(Suppl
2):S73-87.

45. Bikle DD. Vitamin D: Newly discovered actions require reconsideration of physiologic
requirements. Trends Endocrin Met. 2010;21(6):375-84.

46. Christakos S, Ajibade DV, Dhawan P, Fechner AJ, Mady LJ. Vitamin D: Metabolism.
Endocrinol Metab Clin North Am. 2010;39(2):243-53.

106
47. Carlberg C, Seuter S. The vitamin D receptor. Dermatol Clin. 2007;25(4):515-23.

48. Pike J, Meyer MB. The vitamin D receptor: New paradigms for the regulation of gene
expression by 1, 25-dihydroxyvitamin D3. Endocrinol Metab Clin North Am.
2010;39(2):255-69.

49. Cannell JJ, Hollis BW, Sorenson MB, Taft TN, Anderson JJB. Athletic perlormance and
vitamin D. Med Sci Sports Exerc. 2009;41(5):1102-10.

50. Cannell JJ, Hollis BW. Use of vitamin D in clinical practice. Altern Med Rev. 2008
Mar;13(1):6-20.

51. Wehr E, Pilz S, Boehm BO, Marz W, Obermayer-Pietsch B. Association of vitamin D status
with serum androgen levels in men. Clin Endocrinol (Oxf). 2010 Aug;73(2):243-8.

52. Mosekilde L. Vitamin D requirement and setting recommendation levels: Long-term
perspectives. Nutr Rev. 2008 Oct;66(Suppl 2):S170-7.

53. Willis KS, Peterson NJ, Larson-Meyer D. Should we be concerned about the vitamin D status
of athletes? Int J Sport Nutr & Exerc Metab. 2008;18(2):204-24.

54. Prentice A. Vitamin D deficiency: A global perspective. Nutr Rev. 2008;66(Suppl 2):S15364.

55. Binkley N, Ramamurthy R, Krueger D. Low vitamin D status: Definition, prevalence,
consequences, and correction. Endocrinol Metab Clin North Am. 2010;39(2):287-301.

107
56. Grant WB, Holick MF. Benefits and requirements of vitamin D for optimal health: A review.
Altern Med Rev. 2005;10(2):94-111.

57. Pedersen JI. Vitamin D requirement and setting recommendation levels - current nordic view.
Nutr Rev. 2008 Oct;66(Suppl 2):S165-9.

58. Hollis BW. Assessment and interpretation of circulating 25-hydroxyvitamin D and 1,25dihydroxyvitamin D in the clinical environment. Endocrinol Metab Clin North Am.
2010;39(2):271-86.

59. Binkley N, Krueger D, Gemar D, Drezner MK. Correlation among 25-hydroxy-vitamin D
assays. J Clin Endocrinol Metab. 2008 May;93(5):1804-8.

60. Heaney RP. Functional indices of vitamin D status and ramifications of vitamin D deficiency.
Am J Clin Nutr. 2004 Dec;80(Suppl 6):1706S-9S.

61. Seamans KM, Cashman KD. Existing and potentially novel functional markers of vitamin D
status: A systematic review. Am J Clin Nutr. 2009 Jun;89(Suppl 6):1997S-2008S.

62. Snellman G, Melhus H, Gedeborg R, Byberg L, Berglund L, Wernroth L, et al. Determining
vitamin D status: A comparison between commercially available assays. PLoS One. 2010
Jul 13;5(7):e11555.

63. Lai JK, Lucas RM, Clements MS, Harrison SL, Banks E. Assessing vitamin D status: Pitfalls
for the unwary. Mol Nutr Food Res. 2010 Aug;54(8):1062-71.

108
64. Cavalier E, Rozet E, Gadisseur R, Carlisi A, Monge M, Chapelle J, et al. Measurement
uncertainty of 25-OH vitamin D determination with different commercially available kits:
Impact on the clinical cut offs. Osteoporosis Int. 2010;21(6):1047-51.

65. Heath KM, Elovic EP. Vitamin D deficiency: Implications in the rehabilitation setting. Am J
Phys Med Rehabil. 2006 Nov;85(11):916-23.

66. Millen AE, Bodnar LM. Vitamin D assessment in population-based studies: A review of the
issues. Am J Clin Nutr. 2008;87(suppl):1102S-5S.

67. Shinchuk L, Holick MF. Vitamin D and rehabilitation: Improving functional outcomes. Nutr
Clin Pract. 2007 Jun;22(3):297-304.

68. Wang TJ, Zhang F, Richards JB, Kestenbaum B, Van Meurs JB. Common genetic
determinants of vitamin D insufficiency: A genome-wide association study. Lancet. 2010
Jul;376:180-8.

69. Heaney RP. The vitamin D requirement in health and disease. J Steroid Biochem Mol Biol.
2005;97(1-2):13-9.

70. Bischoff-Ferrari HA. The 25-hydroxyvitamin D threshold for better health. J Steroid Biochem
Mol Biol. 2007;103(3-5):614-9.

71. Bischoff-Ferrari HA, Shao A, Dawson-Hughes B, Hathcock J, Giovannucci E, Willett WC.
Benefit–risk assessment of vitamin D supplementation. Osteoporosis Int. 2010
Jul;21(7):1121-32.

109
72. Ross AC, Manson JAE, Abrams SA, Aloia JF, Brannon PM, Clinton SK, et al. The 2011
report on dietary reference intakes for calcium and vitamin D from the institute of medicine:
What clinicians need to know. J Clin Endocrinol Metab. 2011 Jan;96(1):53-8.

73. Aloia JF. Review: The 2011 report on dietary reference intake for vitamin D: Where do we go
from here? J Clin Endocrinol Metab. 2011 Oct;96(10):2987-96.

74. Heaney RP. Vitamin D: Criteria for safety and efficacy. Nutr Rev. 2008 Oct;66(10 Suppl
2):S178-81.

75. Rosen CJ. Vitamin D insufficiency. N Engl J Med. 2011;364(3):248-54.

76. Holick MF. The vitamin D deficiency pandemic and consequences for nonskeletal health:
Mechanisms of action. Mol Aspects Med. 2008;29(6):361-8.

77. Heaney RP, Horst RL, Cullen DM, Armas LA. Vitamin D3 distribution and status in the
body. J Am Coll Nutr. 2009 Jun;28(3):252-6.

78. Hamilton B, Grantham J, Racinais S, Chalabi H. Vitamin D deficiency is endemic in middle
eastern sportsmen. Public Health Nutr. 2010;13(10):1528-34.

79. Constantini NW, Arieli R, Chodick G, Dubnov-Raz G. High prevalence of vitamin D
insufficiency in athletes and dancers. Clin J Sport Med. 2010;20(5):368-71.

80. Lovell G. Vitamin D status of females in an elite gymnastics program. Clin J Sport Med.
2008;18(2):159-61.

110
81. Halliday TM, Peterson NJ, Thomas JJ, Kleppinger K, Hollis BW, Larson-Meyer DE. Vitamin
D status relative to diet, lifestyle, injury, and illness in college athletes. Med Sci Sports
Exerc. 2011;43(2):335-43.

82. Rodriguez NR, DiMarco NM, Langley S. Nutrition and athletic performance. Med Sci Sports
Exerc. 2009;41(3):709-31.

83. Aloia JF, Patel M, Dimaano R, Li-Ng M, Talwar SA, Mikhail M, et al. Vitamin D intake to
attain a desired serum 25-hydroxyvitamin D concentration. Am J Clin Nutr. 2008
Jun;87(6):1952-8.

84. Wicherts IS, Boeke AJP, van der Meer IM, van Schoor NM, Knol DL, Lips P. Sunlight
exposure or vitamin D supplementation for vitamin D-deficient non-western immigrants: A
randomized clinical trial. Osteoporosis Int. 2011;22(3):873-82.

85. Daly RM. Independent and combined effects of exercise and vitamin D on muscle
morphology, function and falls in the elderly. Nutrients. 2010;2(9):1005-17.

86. Cherniack EP, Florez HJ, Hollis BW, Roos BA, Troen BR, Levis S. The response of elderly
veterans to daily vitamin D3 supplementation of 2,000 IU: A pilot efficacy study. J Am
Geriatr Soc. 2011.

87. Przybelski R, Agrawal S, Krueger D, Engelke JA, Walbrun F, Binkley N. Rapid correction of
low vitamin D status in nursing home residents. Osteoporosis Int. 2008;19(11):1621-8.

88. Dawson-Hughes B, Harris SS. High-dose vitamin D supplementation. JAMA.
2010;303(18):1861-2.

111
89. Simpson RU, Thomas GA, Arnold AJ. Identification of 1,25-dihydroxyvitamin D3 receptors
and activities in muscle. The Journal of biological chemistry. 1985;260(15):8882-91.

90. Bischoff HA, Borchers M, Gudat F, Duermueller U, Theiler R, Sthelin HB, et al. In situ
detection of 1,25-dihydroxyvitamin D3 receptor in human skeletal muscle tissue. Histochem
J. 2001;33(1):19-24.

91. Bischoff-Ferrari HA, Borchers M, Gudat F, Durmuller U, Stahelin HB, Dick W. Vitamin D
receptor expression in human muscle tissue decreases with age. J Bone Miner Res. 2004
Feb;19(2):265-9.

92. Wang Y, DeLuca HF. Is the vitamin D receptor found in muscle? Endocrinology. 2011
Feb;152(2):354-63.

93. Janssen HC, Samson MM, Verhaar HJ. Vitamin D deficiency, muscle function, and falls in
elderly people. Am J Clin Nutr. 2002 Apr;75(4):611-5.

94. Capiati D, Benassati S, Boland RL. 1,25(OH)2-vitamin D3 induces translocation of the
vitamin D receptor (VDR) to the plasma membrane in skeletal muscle cells. J Cell Biochem.
2002;86(1):128-35.

95. Dirks-Naylor AJ, Lennon-Edwards S. The effects of vitamin D on skeletal muscle function
and cellular signaling. J Steroid Biochem Mol Biol. 2011;125(3-5):159-68.

96. Montero-Odasso M, Duque G. Vitamin D in the aging musculoskeletal system: An authentic
strength preserving hormone. Mol Aspects Med. 2005 Jun;26(3):203-19.

112
97. Garcia LA, King KK, Ferrini MG, Norris KC, Artaza JN. 1,25(OH)2Vitamin D3 stimulates
myogenic differentiation by inhibiting cell proliferation and modulating the expression of
promyogenic growth factors and myostatin in C2C12 skeletal muscle cells. Endocrinology.
2011 Aug;152(8):2976-86.

98. Kirk S, Oldham J, Kambadur R, Sharma M, Dobbie P, Bass J. Myostatin regulation during
skeletal muscle regeneration. J Cell Physiol. 2000;184(3):356-63.

99. Rudnicki MA, Jaenisch R. The MyoD family of transcription factors and skeletal myogenesis.
BioEssays. 1995 Mar;17(3):203-9.

100. Sabourin LA, Rudnicki MA. The molecular regulation of myogenesis. Clin Genet.
2000;57(1):16-25.

101. Brunelli S, Rovere-Querini P. The immune system and the repair of skeletal muscle.
Pharmacol Res. 2008 Aug;58(2):117-21.

102. Summan M, Warren GL, Mercer RR, Chapman R, Hulderman T, Van Rooijen N, et al.
Macrophages and skeletal muscle regeneration: A clodronate-containing liposome depletion
study. Am J Physiol Regul Integr Comp Physiol. 2006 Jun;290(6):R1488-95.

103. Przybyla B, Gurley C, Harvey JF, Bearden E, Kortebein P, Evans WJ, et al. Aging alters
macrophage properties in human skeletal muscle both at rest and in response to acute
resistance exercise. Exp Gerontol. 2006 Mar;41(3):320-7.

104. von Haehling S, Morley JE, Anker SD. An overview of sarcopenia: Facts and numbers on
prevalence and clinical impact. J Cachex Sarcopenia Muscle. 2010 Dec;1(2):129-33.

113
105. Hewison M. Vitamin D and the immune system: New perspectives on an old theme.
Endocrinol Metab Clin North Am. 2010 Jun;39(2):365-79.

106. van Etten E, Stoffels K, Gysemans C, Mathieu C, Overbergh L. Regulation of vitamin D
homeostasis: Implications for the immune system. Nutr Rev. 2008 Oct;66(10 Suppl 2):S12534.

107. Baeke F, Takiishi T, Korf H, Gysemans C, Mathieu C. Vitamin D: Modulator of the immune
system. Curr Opin Pharmacol. 2010 Aug;10(4):482-96.

108. Maruotti N, Cantatore FP. Vitamin D and the immune system. J Rheumatol. 2010
Mar;37(3):491-5.

109. Bikle D. Nonclassic actions of vitamin D. J Clin Endocrinol Metab. 2009 Jan;94(1):26-34.

110. Khoo AL, Chai LYA, Koenen H, Sweep F, Joosten I, Netea MG, et al. Regulation of
cytokine responses by seasonality of vitamin D status in healthy individuals. Clin Exp
Immunol. 2011 Apr;164(1):72-9.

111. Scragg R. Vitamin D: Cardiovascular function and disease. In: Trump DL, Johnson CS,
editors. Vitamin D and Cancer. New York: Springer; 2011. p. 115-42.

112. Vanga SR, Good M, Howard PA, Vacek JL. Role of vitamin D in cardiovascular health. Am
J Cardiol. 2010;106(6):798-805.

113. Cozzolino M, Ketteler M, Zehnder D. The vitamin D system: A crosstalk between the heart
and kidney. E J Heart Fail. 2010 Jul;12(10):1031-41.

114
114. Petchey WG, Johnson DW, Isbel NM. Shining D'light on chronic kidney disease:
Mechanisms that may underpin the cardiovascular benefit of vitamin D. Nephrology.
2011;16(4):351-67.

115. Meems MG, van der Harst P, van Gilst H, de Boer A. Vitamin D biology in heart failure:
Molecular mechanisms and systematic review. Curr Drug Targets. 2011;12(1):29-41.

116. Zittermann A, Gummert JF. Sun, vitamin D, and cardiovascular disease. J Photochem
Photobiol. 2010 Nov;101(2):124-9.

117. Visvanathan R, Chapman I. Preventing sarcopaenia in older people. Maturitas. 2010
Aug;66(4):383-8.

118. Szulc P, Duboeuf F, Marchand F, Delmas PD. Hormonal and lifestyle determinants of
appendicular skeletal muscle mass in men: The MINOS study. Am J Clin Nutr. 2004
Aug;80(2):496-503.

119. Visser M, Deeg DJ, Lips P, Longitudinal Aging Study Amsterdam. Low vitamin D and high
parathyroid hormone levels as determinants of loss of muscle strength and muscle mass
(sarcopenia): The longitudinal aging study amsterdam. J Clin Endocrinol Metab. 2003
Dec;88(12):5766-72.

120. Scott D, Blizzard L, Fell J, Ding C, Winzenberg T, Jones G. A prospective study of the
associations between 25-hydroxy-vitamin D, sarcopenia progression and physical activity in
older adults. Clin Endocrinol (Oxf). 2010 Nov;73(5):581-7.

115
121. Stewart JW, Alekel DL, Ritland LM, Van Loan M, Gertz E, Genschel U. Serum 25hydroxyvitamin D is related to indicators of overall physical fitness in healthy
postmenopausal women. Menopause. 2009 Dec;16(6):1093-101.

122. Foo LH, Zhang Q, Zhu K, Ma G, Trube A, Greenfield H, et al. Relationship between
vitamin D status, body composition and physical exercise of adolescent girls in beijing.
Osteoporosis Int. 2009;20(3):417-25.

123. Verschueren SMP, Bogaerts A, Delecluse C, Claessens AL, Haentjens P, Vanderschueren D,
et al. The effects of whole‐body vibration training and vitamin D supplementation on muscle
strength, muscle mass, and bone density in institutionalized elderly women: A 6‐month
randomized, controlled trial. J Bone Miner Res. 2011 Jan;26(1):42-9.

124. Zemel MB, Sun X. Calcitriol and energy metabolism. Nutr Rev. 2008 Sep;66(Suppl
2):S139-46.

125. Wong KE, Szeto FL, Zhang W, Ye H, Kong J, Zhang Z, et al. Involvement of the vitamin D
receptor in energy metabolism: Regulation of uncoupling proteins. Am J Physiol Endocrinol
Metab. 2009 Jan;296(4):E820-8.

126. Wood RJ. Vitamin D and adipogenesis: New molecular insights. Nutr Rev. 2008
Jan;66(1):40-6.

127. Looker AC. Body fat and vitamin D status in black versus white women. J Clin Endocrinol
Metab. 2005 Feb;90(2):635-40.

116
128. Dong Y, Pollock N, Stallmann-Jorgensen IS, Gutin B, Lan L, Chen TC, et al. Low 25hydroxyvitamin D levels in adolescents: Race, season, adiposity, physical activity, and
fitness. Pediatrics. 2010 Jun;125(6):1104-11.

129. Kremer R, Campbell PP, Reinhardt T, Gilsanz V. Vitamin D status and its relationship to
body fat, final height, and peak bone mass in young women. J Clin Endocrinol Metab. 2009
Jan;94(1):67-73.

130. Cheng S, Massaro JM, Fox CS, Larson MG, Keyes MJ, McCabe EL, et al. Adiposity,
cardiometabolic risk, and vitamin D status: The framingham heart study. Diabetes. 2010
Jan;59(1):242-8.

131. Caron-Jobin M, Morisset AS, Tremblay A, Huot C, Légaré D, Tchernof A. Elevated serum
25 (OH) D concentrations, vitamin D, and calcium intakes are associated with reduced
adipocyte size in women. Obesity. 2011 Jul;19(7):1335-41.

132. Soares MJ, Ping-Delfos WCS, Ghanbari MH. Calcium and vitamin D for obesity: A review
of randomized controlled trials. Eur J Clin Nutr. 2011;65(9):994-1004.

133. Major GC, Alarie FP, Doré J, Tremblay A. Calcium plus vitamin D supplementation and fat
mass loss in female very low-calcium consumers: Potential link with a calcium-specific
appetite control. Br J Nutr. 2009;101(5):659-63.

134. Beunen GP, Thomis MAI, Peeters MW. Genetic variation in physical performance. Open
Sports Sci J. 2010;3:77-80.

117
135. Dretakis OE, Tsatsanis C, Fyrgadis A, Drakopoulos CG, Steriopoulos K, Margioris AN.
Correlation between serum 25-hydroxyvitamin D levels and quadriceps muscle strength in
elderly cretans. J Int Med Res. 2010;38(5):1824-34.

136. Gerdhem P, Ringsberg KAM, Obrant KJ, Akesson K. Association between 25-hydroxy
vitamin D levels, physical activity, muscle strength and fractures in the prospective
population-based OPRA study of elderly women. Osteoporosis Int. 2005;16(11):1425-31.

137. Wicherts I, van Schoor N, Boeke AJP, Visser M, Deeg DJH, Smit J, et al. Vitamin D status
predicts physical performance and its decline in older persons. J Clin Endocrinol Metab.
2007;92(6):2058-65.

138. Bogaerts A, Delecluse C, Boonen S, Claessens AL, Milisen K, Verschueren SMP. Changes
in balance, functional performance and fall risk following whole body vibration training and
vitamin D supplementation in institutionalized elderly women. A 6 month randomized
controlled trial. Gait Posture. 2011;33(3):466-72.

139. Latham NK, Anderson CS, Lee A, Bennett DA, Moseley A, Cameron ID, et al. A
randomized, controlled trial of quadriceps resistance exercise and vitamin D in frail older
people: The frailty interventions trial in elderly subjects (FITNESS). J Am Geriatr Soc. 2003
Mar;51(3):291-9.

140. Smedshaug GB, Pedersen JI, Meyer HE. Can vitamin D supplementation improve grip
strength in elderly nursing home residents? A double-blinded controlled trial. Scand J Food
Nutr. 2007 Jun;51(2):74-8.

118
141. Kenny AM, Biskup B, Robbins B, Marcella G, Burleson JA. Effects of vitamin D
supplementation on strength, physical function, and health perception in older, communitydwelling men. J Am Geriatr Soc. 2003 Dec;51(12):1762-7.

142. Brunner RL, Cochrane B, Jackson RD, Larson J, Lewis C, Limacher M, et al. Calcium,
vitamin D supplementation, and physical function in the women's health initiative. J Am
Diet Assoc. 2008 Sep;108(9):1472-9.

143. Zhu K, Austin N, Devine A, Bruce D, Prince RL. A randomized controlled trial of the
effects of vitamin D on muscle strength and mobility in older women with vitamin D
insufficiency. J Am Geriatr Soc. 2010;58(11):2063-8.

144. Stockton KA, Mengersen K, Paratz JD, Kandiah D, Bennell KL. Effect of vitamin D
supplementation on muscle strength: A systematic review and meta-analysis. Osteoporosis
Int. 2011 Mar;22(3):859-71.

145. Rejnmark L. Effects of vitamin D on muscle function and performance: A review of
evidence from randomized controlled trials. There Adv Chronic Dis. 2011 Jan;2(1):25-37.

146. Dam TL, von Mhlen D, Barrett-Connor EL. Sex-specific association of serum vitamin D
levels with physical function in older adults. Osteoporosis Int. 2009;20(5):751-60.

147. Ceglia L, Chiu GR, Harris SS, Araujo AB. Serum 25‐hydroxyvitamin D concentration and
physical function in adult men. Clin Endocrinol (Oxf). 2011;74(3):370-6.

148. Houston DK, Tooze JA, Hausman DB, Johnson MA, Nicklas BJ, Miller ME, et al. Change
in 25-hydroxyvitamin D and physical performance in older adults. J Gerontol A Biol Sci
Med Sci. 2011;66(4):430-6.

119
149. Scragg RK, Camargo Jr CA, Simpson RU. Relation of serum 25-hydroxyvitamin D to heart
rate and cardiac work (from the national health and nutrition examination surveys). Am J
Cardiol. 2010;105(1):122-8.

150. Andersson AM, Carlsen E, Petersen JH, Skakkebaek NE. Variation in levels of serum
inhibin B, testosterone, estradiol, luteinizing hormone, follicle-stimulating hormone, and sex
hormone-binding globulin in monthly samples from healthy men during a 17-month period:
Possible effects of seasons. J Clin Endocrinol Metab. 2003 Feb;88(2):932-7.

151. Dabbs JM. Age and seasonal variation in serum testosterone concentration among men.
Chronobiol Int. 1990;7(3):245-9.

152. van Anders SM, Hampson E, Watson NV. Seasonality, waist-to-hip ratio, and salivary
testosterone. Psychoneuroendocrinology. 2006 Aug;31(7):895-9.

153. Svartberg J, Jorde R, Sundsfjord J, Bonaa KH, Barrett-Connor E. Seasonal variation of
testosterone and waist to hip ratio in men: The tromso study. J Clin Endocrinol Metab. 2003
Jul;88(7):3099-104.

154. Valero-Politi J, Fuentes-Arderiu X. Annual rhythmic variations of follitropin, lutropin,
testosterone and sex-hormone-binding globulin in men. Clin Chim Acta. 1998 Mar
9;271(1):57-71.

155. Griggs RC, Kingston W, Jozefowicz RF, Herr BE, Forbes G, Halliday D. Effect of
testosterone on muscle mass and muscle protein synthesis (effet de la testosterone sur la
mase musculaire et la synthese des proteines musculaires). J Appl Physiol. 1989;66(1):498503.

120
156. Rogerson S, Weatherby RP, Deakin GB, Meir RA, Coutts RA, Zhou S, et al. The effect of
short-term use of testosterone enanthate on muscular strength and power in healthy young
men. J Strength Cond Res. 2007 May;21(2):354-61.

157. Pilz S, Frisch S, Koertke H, Kuhn J, Dreier J, Obermayer-Pietsch B, et al. Effect of vitamin
D supplementation on testosterone levels in men. Horm Metab Res. 2011 Mar;43(3):223-5.

158. Parikh G, Varadinova M, Suwandhi P, Araki T, Rosenwaks Z, Poretsky L, et al. Vitamin D
regulates steroidogenesis and insulin-like growth factor binding protein-1 (IGFBP-1)
production in human ovarian cells. Horm Metab Res. 2010 Sep;42(10):754-7.

159. Jensen MB, Nielsen JE, Jorgensen A, Rajpert-De Meyts E, Kristensen DM, Jorgensen N, et
al. Vitamin D receptor and vitamin D metabolizing enzymes are expressed in the human
male reproductive tract. Hum Reprod. 2010 May;25(5):1303-11.

160. Foresta C, Strapazzon G, De Toni L, Perilli L, Di Mambro A, Muciaccia B, et al. Bone
mineral density and testicular failure: Evidence for a role of vitamin D 25-hydroxylase in
human testis. J Clin Endocrinol Metab. 2011 Apr;96(4):E646-52.

161. Akingbemi BT. Estrogen regulation of testicular function. Reprod Biol Endocrinol. 2005
Sep;3:51.

162. He J, Cheng Q, Xie W. Minireview: Nuclear receptor-controlled steroid hormone synthesis
and metabolism. Mol Endocrinol. 2010 Jan;24(1):11-21.

163. Kinuta K, Tanaka H, Moriwake T, Aya K, Kato S, Seino Y. Vitamin D is an important
factor in estrogen biosynthesis of both female and male gonads. Endocrinology. 2000
Apr;141(4):1317-24.

121
164. Hirai T, Tsujimura A, Ueda T, Fujita K, Matsuoka Y, Takao T, et al. Effect of 1,25dihydroxyvitamin d on testicular morphology and gene expression in experimental
cryptorchid mouse: Testis specific cDNA microarray analysis and potential implication in
male infertility. J Urol. 2009 Mar;181(3):1487-92.

165. Earthman C, Beckman L, Masodkar K, Sibley S. The link between obesity and low
circulating 25-hydroxyvitamin D concentrations: Considerations and implications. Int J
Obes. 2011;36(3):387-96.

166. Heaney RP, Horst RL, Cullen DM, Armas LA. Vitamin D3 distribution and status in the
body. J Am Coll Nutr. 2009;28(3):252-6.

167. Blum M, Dolnikowski G, Seyoum E, Harris SS, Booth SL, Peterson J, et al. Vitamin D 3 in
fat tissue. Endocrine. 2008;33(1):90-4.

168. Morton JP, Iqbal Z, Drust B, Burgess D, Close GL, Brukner PD. Seasonal variation in
vitamin D status in professional soccer players of the english premier league. Appl Physiol
Nutr Metab. 2012;37(4):798-802.

169. Willis KS, Smith DT, Broughton KS, Larson-Meyer DE. Vitamin D status and biomarkers
of inflammation in runners. Open Access J Sports Med. 2012;3(1):35-42.

170. Lanteri P, Lombardi G, Colombini A, Banfi G. Vitamin D in exercise: Physiologic and
analytical concerns. Cli Chim Acta. 2013 Jan;415:45-53.

171. Graves JE, Kanaley JA, Garzarella L, Pollock ML. Anthropometry and body composition
measurement. In: Maud PJ, Foster C, editors. Physiological Assessment of Human Fitness.
Champaign, IL: Human Kinetics; 2006. p. 185-225.

122
172. Quanjer PH. Standardized lung function testing. report working party. Bulletin europeen de
physiopathologie respiratoire. 1983;19 Suppl 5:1-95.

173. United states department of agriculture (USDA). agriculture research service web site
[Internet]. Beltsville (MD): USDA National Database for Standard Reference; cited 2012
Feb 7]. Available from: http://www.ars.usda.gov/nutrientdata.

174. Newman MS, Brandon TR, Groves MN, Gregory WL, Kapur S, Zava DT. A liquid
chromatography/tandem mass spectrometry method for determination of 25-hydroxy
vitamin D2 and 25-hydroxy vitamin D3 in dried blood spots: A potential adjunct to diabetes
and cardiometabolic risk screening. J Diabetes Sci Technol. 2009;3(1):156-62.

175. Wortsman J, Matsuoka LY, Chen TC, Lu Z, Holick MF. Decreased bioavailability of
vitamin D in obesity. Am J Clin Nutr. 2000;72(3):690-3.

176. Lagunova Z, Porojnicu AC, Lindberg F, Hexeberg S, Moan J. The dependency of vitamin D
status on body mass index, gender, age and season. Anticancer Res. 2009;29(9):3713-20.

177. Moan J, Lagunova Z, Lindberg FA, Porojnicu AC. Seasonal variation of 1, 25dihydroxyvitamin D and its association with body mass index and age. J Steroid Biochem
Mol Biol. 2009;113(3):217-21.

178. Bolland MJ, Grey AB, Ames RW, Mason BH, Horne AM, Gamble GD, et al. The effects of
seasonal variation of 25-hydroxyvitamin D and fat mass on a diagnosis of vitamin D
sufficiency. Am J Clin Nutr. 2007;86(4):959-64.

179. Ding C, Gao D, Wilding J, Trayhurn P, Bing C. Vitamin D signalling in adipose tissue. Br J
Nutr. 2012;1(1):1-9.

123
180. Close G, Russell J, Cobley J, Owens D, Wilson G, Gregson W, et al. Assessment of vitamin
D concentration in non-supplemented professional athletes and healthy adults during the
winter months in the UK: Implications for skeletal muscle function. J Sports Sci.
2013;31(4):344-53.

181. Pollock N, Dijkstra P, Chakraverty R, Hamilton B. Low 25 (OH) vitamin D concentrations
in international UK track and field athletes. South Afr J Sport Med. 2012;24(2):55-9.

182. Galan F, Ribas J, Sánchez-Martinez PM, Calero T, Sánchez AB, Muñoz A. Serum 25hydroxyvitamin D in early autumn to ensure vitamin D sufficiency in mid-winter in
professional football players. Clin Nutr. 2012;31(1):132-6.

183. Girgis CM, Clifton-Bligh RJ, Hamrick MW, Holick MF, Gunton JE. The roles of vitamin D
in skeletal muscle: Form, function, and metabolism. Endocr Rev. 2013 Feb;34(1):33-83.

184. Innes E. Handgrip strength testing: A review of the literature. Aust Occup Ther J.
1999;46(3):120-40.

185. Moir GL, Garcia A, Dwyer GB. Intersession reliability of kinematic and kinetic variables
during vertical jumps in men and women. Int J Sports Physiol Perform. 2009 Sep;4(3):31730.

186. Ferreira LC, Schilling BK, Weiss LW, Fry AC, Chiu LZ. Reach height and jump
displacement: Implications for standardization of reach determination. J Strength Cond Res.
2010 Jun;24(6):1596-601.

187. Hori N, Newton RU, Kawamori N, McGuigan MR, Kraemer WJ, Nosaka K. Reliability of
performance measurements derived from ground reaction force data during

124
countermovement jump and the influence of sampling frequency. J Strength Cond Res. 2009
May;23(3):874-82.

188. Aragon-Vargas LF. Evaluation of four vertical jump tests: Methodology, reliability, validity,
and accuracy. Measurement in physical education and exercise science. 2000;4(4):215-28.

189. Zatsiorsky VM, Kraemer WJ. Science and practice of strength training. 2nd ed. Champaign,
IL: Human Kinetics; 2006.

190. Maud PJ, Berning JM, Foster C, Cotter HM, Dodge C, deKoning JJ, et al. Testing for
anaerobic ability. In: Maud PJ, Foster C, editors. Physiological Assessment of Human
Fitness. Champaign, IL: Human Kinetics; 2006. p. 77-91.

191. Patton JF, Murphy MM, Frederick FA. Maximal power outputs during the wingate
anaerobic test. Int J Sports Med. 1985;6(2):82-5.

192. Wendel-Vos G, Schuit AJ, Saris WHM, Kromhout D. Reproducibility and relative validity
of the short questionnaire to assess health-enhancing physical activity. J Clin Epidemiol.
2003;56(12):1163-9.

193. Ainsworth BE, Haskell WL, Leon AS, Jacobs DR,Jr, Montoye HJ, Sallis JF, et al.
Compendium of physical activities: Classification of energy costs of human physical
activities. Med Sci Sports Exerc. 1993 Jan;25(1):71-80.

194. Farlinger CM, Kruisselbrink LD, Fowles JR. Relationships to skating performance in
competitive hockey players. J Strength Cond Res. 2007;21(3):915-22.

125
195. Jaric S, Mirkov D, Markovic G. Normalizing physical performance tests for body size:
Aproposal for standardization. J Strength Cond Res. 2005;19(2):467-74.

196. Andersen LL, Aagaard P. Influence of maximal muscle strength and intrinsic muscle
contractile properties on contractile rate of force development. Eur J Appl Physiol.
2006;96(1):46-52.

197. Zatsiorsky VM. Biomechanics of strength and strength training. In: Komi PV, editor.
Strength and power in sport. 2nd ed. Oxford, UK: Blackwell Science Ltd; 2003. p. 439-87.

198. Tuohimaa P, Keisala T, Minasyan A, Cachat J, Kalueff A. Vitamin D, nervous system and
aging. Psychoneuroendocrinology. 2009 Dec;34(Suppl 1):S278-86.

199. Sinha A, Hollingsworth KG, Ball S, Cheetham T. Improving the vitamin D status of vitamin
D deficient adults is associated with improved mitochondrial oxidative function in skeletal
muscle. J Clin Endocrinol Metab. 2013 Mar;98(3):E509-13.

200. Baumgartner TA, Jackson AS, Mahar MT, Rowe DA. Measurement for evaluation in
physical education and exercise science. New York, NY: McGraw-Hill; 2003.

201. Bragada JA, Santos PJ, Maia JAR, Colaço PJ, Lopes VP, Barbosa TM. Longitudinal study
in 3,000 m male runners: Relationship between performance and selected physiological
parameters. J Sports Sci Med. 2010 Sep;9:439-44.

202. Jacobs RA, Rasmussen P, Siebenmann C, Díaz V, Gassmann M, Pesta D, et al.
Determinants of time trial performance and maximal incremental exercise in highly trained
endurance athletes. J Appl Physiol. 2011 Nov;111(5):1422-30.

126
203. Glaister M. Multiple sprint work: Physiological responses, mechanisms of fatigue and the
influence of aerobic fitness. Sports medicine. 2005;35(9):757-77.

204. Smith D, Telford R, Peltola E, Tumilty D. Protocols for the physiological assessment of high
performance runners. Physiological Tests for Elite Athletes, Australian Sports Commission,
Human Kinetics, Champaign IL. 2000:334-44.

205. Farrell SW, Willis BL. Cardiorespiratory fitness, adiposity, and serum 25-dihydroxyvitamin
D levels in women: The cooper center longitudinal study. J Womens Health (Larchmt). 2012
Jan;21(1):80-6.

206. Valtuena J, Gracia-Marco L, Huybrechts I, Breidenassel C, Ferrari M, Gottrand F, et al.
Cardiorespiratory fitness in males, and upper limbs muscular strength in females, are
positively related with 25-hydroxyvitamin D plasma concentrations in european adolescents:
The HELENA study. QJM. 2013 May.

207. Koepp KK, Janot JM. A comparison of VO2max and metabolic variables between treadmill
running and treadmill skating. J Strength Cond Res. 2008;22(2):497-502.

208. Dreger RW, Quinney HA. Development of a hockey-specific, skate-treadmill protocol. Can
J Appl Physiol. 1999;24(6):559-69.

209. Nobes K, Montgomery D, Pearsall D, Turcotte R, Lefebvre R, Whittom F. A comparison of
skating economy on-ice and on the skating treadmill. Can J Appl Physiol. 2003;28(1):1-11.

210. Mowry DA, Costello MM, Heelan KA. Association among cardiorespiratory fitness, body
fat, and bone marker measurements in healthy young females. J Am Osteopath Assoc. 2009
Oct;109(10):534-9.

127
211. Wilson PB, Fitzgerald JS, Ingraham SJ. Relationship between serum 25-hydroxyvitamin D
status and cardiorespiratory fitness: Findings from the national health and nutrition
examination survey. Int J Cardiol. 2013 Apr 30.

212. Montgomery DL. Physiology of ice hockey. Sports Med. 1988;5(2):99-126.

213. Withers R, Gore C, Gass G, Hahn A. Determination of maximal oxygen consumption or
maximal aerobic power. In: Gore CJ, editor. Physiological Testing for Elite Athletes.
Champaign, IL: Human Kinetics; 2000. p. 114-127.

214. Durocher JJ, Guisfredi AJ, Leetun DT, Carter JR. Comparison of on-ice and off-ice graded
exercise testing in collegiate hockey players. Appl Physiol Nutr Metab. 2010;35(1):35-9.

215. David JA. Direct determination of aerobic power. In: Maud PJ, Foster C, editors.
Physiological Assessment of Human Fitness. Champaign, IL: Human Kinetics; 2006. p. 918.

128
CHAPTER 7: Appendices

129
CHAPTER 7: Appendices
7.1 Informed consent
CONSENT FORM
Vitamin D and Measures Related to Physical Performance Consent Form
University of Minnesota
You are invited to participate in a research study assessing vitamin D levels, physical
performance, and body composition. You were selected as a possible participant because you are
an NCAA Division I or Division III hockey player. We ask that you read this form and ask any
questions you may have before agreeing to be in the study.
The principal investigator (person in charge) of this study in Stacy Ingraham, Ph.D. The study coinvestigators are John Fitzgerald, B.S., and Ben Peterson, M.Ed. The researchers work in the
Department of Kinesiology at the University of Minnesota. The study is funded by the Human
and Sport Performance Laboratory.
Study Purpose
The purpose of the study is to determine if vitamin D levels influence physical performance,
aerobic capacity, and body composition in hockey players.
Study Procedures
If you agree to participate in this study, we would ask you to participate in two research visits to
the Laboratory of Physiological Hygiene and Exercise Science, located in 27 University
Recreation Center on the campus of the University of Minnesota. One of the two visits will also
include a skating treadmill exercise test that will be conducted at Mariucci arena on the
University of Minnesota campus. Total testing time will be approximately 120 minutes or less per
session. The two testing sessions will include the following:
Laboratory of Physiological Hygiene and Exercise Science:
Session 1 (approximately 120 minutes)
• Standard measurements of height and weight will be taken.
• Body composition (fat mass and fat free mass) will be taken using underwater weighing.
You will be asked sit on a chair that is under water. While seated on the chair, the water
level will be at approximately shoulder level. You will be asked to take a deep breath and
then maximally exhale, and then submerse your head below the water for a brief period.
• Basic background history, physical activity, dietary habits, and sun exposure will be
assessed. You will be asked to fill out a brief questionnaire for each topic.
• Jumping ability will be assessed. You will be asked to jump as high as possible using two
different jumping techniques.
• Hand grip strength will be assessed. You will be asked to maximally squeeze a gripping
device for approximately two seconds.
• Power production while cycling will be measured. You will be asked to pedal as fast as
possible on a cycle ergometer (exercise bike) against a resistance for 30 seconds.
• A skating treadmill familiarization session will be preformed after testing. The skating
treadmill familiarization session will be performed on a Frappier skating treadmill. This
oversized treadmill has a surface that enables you to skate naturally. The familiarization
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session will require you to skate on the treadmill at different speeds and grades that you
will experience in the skating treadmill GXT during session 2. The purpose of the
familiarization session is to allow you to become comfortable with skating on the
treadmill.
Session 2 (approximately 60 minutes)
• Vitamin D levels will be assessed. Your finger will be pricked and a small blood sample
will be taken. The amount of blood needed for the test is approximately 13 drops or 1/5
of a teaspoon.
• Aerobic capacity will be assessed during a skating treadmill graded exercise test (GXT).
The skating GXT will be performed on a Frappier skating treadmill. This oversized
treadmill has a surface that enables you to skate naturally. The exercise intensity (skating
speed and treadmill grade) will begin at a low level and will be advanced in stages
depending on your fitness level. During the test you will wear a facemask and breathing
valve that allows for exhaled air to be analyzed. We may stop the test at any time because
of signs of fatigue or changes in your heart rate or symptoms you may experience. It is
important for you to realize that you may stop when you wish because of feelings of
fatigue or any other discomfort. For your safety, you will be wearing a safety harness that
is attached to a steel structure on the celling. If you where to lose your balance while
skating, the harness will prevent you from falling.
If you agree to participate in a secondary study, further testing will involve two additional visits
to Mariucci and Ridder Arena on the University of Minnesota campus and include the following:
Session 3 (approximately 35 minutes)
• At the start of the session, you will complete a 10-minute general warm-up. This includes
a 5-minute bike warm-up and a 5-minute dynamic warm-up of the lower extremities.
During the dynamic warm-up, each participant will be taken through a series of motions
that work to activate and warm-up the muscles that will be used during the testing
exercise. The dynamic warm-up will involve 6 low-intensity bodyweight exercises
performed in series.
• Lower-body power will be assessed. You will be asked to perform two attempts in a
broad jump test. A piece of tape will be laid on the floor, marking where you will place
your toes. You will be instructed to jump as far as you can.
• Lower-body strength will be assessed. You will be asked to perform the barbell back
squat exercise. You will be asked to perform multiple sets of the exercise, starting with a
low weight and gradually progressing to a maximal weight that you can perform while
maintaining correct exercise form. The last successful attempt will be recorded as your
one repetition maximum (1RM). Your barbell back squat 1RM is the maximal amount of
weight that you can lift during this exercise while maintaining correct exercise form. We
may stop the test at any time, because of signs of fatigue or changes in your exercise form
or symptoms you may experience. It is important for you to realize that you may stop
when you wish because of feelings of fatigue or any other discomfort. A National
Strength and Conditioning Association certified strength and conditioning specialist
(CSCS) will conduct all 1RM testing. In addition, a 3-point person spot will be provided
on every maximal attempt for your safety.
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Session 4 (approximately 50 minutes)
• You will be required to wear full hockey gear to the rink. Before testing begins, you will
be instructed to go through your normal team, pre-game warm-up to ensure you are loose
and prepared for high intensity activity.
• Skating acceleration and speed will be assessed on ice. You will be asked to skate as fast
as possible from a standing position to a cone 15 meters away. You will then coast
around the perimeter of the ice rink three times, building in speed on the last lap as you
re-approach the starting line. You will be instructed to skate as fast as possible and
maintain your speed for 15 meters after you reach the starting line. You will be required
to wear all of your hockey equipment during the assessment. We may stop the test at any
time, because of signs of fatigue or changes in your heart rate or symptoms you may
experience. It is important for you to realize that you may stop when you wish because of
feelings of fatigue or any other discomfort.
• Repeated sprinting ability will be assessed on-ice. The assessment involves skating
around a series of cones as fast as possible for approximately 26 seconds. After a rest
period (110 seconds), you will be asked to complete the course again. You will be asked
to repeat the course eight times. You will be required to wear all of your hockey
equipment during the assessment. We may stop the test at any time, because of signs of
fatigue or changes in your heart rate or symptoms you may experience. It is important for
you to realize that you may stop when you wish because of feelings of fatigue or any
other discomfort.
Risks of Study Participation
The study has the following risks. The physical performance testing in this study involves
maximal effort. There exists the possibility of certain changes during this testing. These include
abnormal blood pressure, fainting, irregular, fast, or slow heart rhythm, and in rare instances,
heart attack, stroke, or death. In addition, there is a maximal lower-body strength test if you
participate in the secondary study, which will load the spine during a period of maximal exertion.
While very rare, the possibility of serious bodily injury can occur in the form of a pulled or
strained muscle, disc herniation, sports hernia, or broken bone. Every effort will be made to
minimize these risks by evaluation of preliminary information related to your health and fitness
and by careful observation during testing. We may stop the test at any time because of signs of
fatigue or changes in your heart rate or symptoms you may experience. It is important for you to
realize that you may stop when you wish because of feelings of fatigue or any other discomfort.
This study involves a capillary blood test in which a small quantity of blood is taken. This
procedure involves minimal discomfort. You may experience slight discomfort during the finger
prick and you may experience pain, tenderness at the puncture site after the procedure and a
small, but possible chance of infection. Every effort will be made to minimize the risks associated
with this procedure by properly selecting the puncture site, sterilizing the selected site, and using
sterilized equipment. After the procedure is completed, the puncture site will be cleaned and
appropriately bandaged. This study also involves underwater weighing. You may not be
comfortable maximally exhaling and submerging yourself underwater for a brief period. Every
effort will be made to clearly explain the procedure and minimize any anxiety associated with the
procedure. Emergency equipment and trained personnel are available to deal with unusual
situations that may arise.
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Benefits of Study Participation
There may be no direct benefit to you for participating in this study. The benefit to study
participation is that you will receive physiological testing results, relevant to your sport, which
may allow you to evaluate or modify your current training practices.
Study Costs/Compensation
You will not be compensated for your participation in this study. You may incur costs due to
participation in this study. The cost of travel will vary depending on the distance you live from
the Laboratory of Physiological Hygiene and Exercise Science. If you will be traveling by
automobile, you will have to pay to park. Parking costs will range from $4 to $9 per visit. You
will not be reimbursed for either travel or parking costs associated with participation in the study.
Research Related Injury
In the event that this research activity results in an injury, treatment will be available, including
first aid, emergency treatment and follow-up care as needed. Care for such injuries will be billed
in the ordinary manner to you or your insurance company. If you think that you have suffered a
research related injury, let the study investigators know right away.
Confidentiality
The records of this study will be kept private. In any publications or presentations, we will not
include any information that will make it possible to identify you as a subject. Your record for the
study may, however, be reviewed by research staff and by departments at the University with
appropriate regulatory oversight. To these extents, confidentiality is not absolute. Study
information will not be recorded in your medical record. Study data will be encrypted according
to current University policy for protection of confidentiality. Only the previously stated research
personnel will have access to the data. Neither coaches nor anyone else will be granted access to
any information unless permission is given by the participant. The data/records will be destroyed
after a five year time period.
Voluntary Nature of the Study
Participation in this study is voluntary. Your decision whether or not to participate in this study
will not affect your current or future relations with the University of Minnesota. If you decide to
participate, you are free to withdraw at any time without affecting those relationships.
Contacts and Questions
The researchers conducting this study are Stacy Ingraham, John Fitzgerald, and Ben Peterson.
You may ask any questions you have now, or if you have questions later, you are encouraged to
contact them at:
Stacy Ingraham, PhD
University of Minnesota School of Kinesiology
(612) 626-0067
John Fitzgerald
University of Minnesota School of Kinesiology
(612) 210-5599
Advisor: Stacy Ingraham, PhD
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Ben Peterson
University of Minnesota School of Kinesiology
(763) 300-8545
Advisor: Stacy Ingraham, PhD
If you have any questions or concerns regarding the study and would like to talk to someone other
than the researcher(s), you are encouraged to contact the Fairview Research Helpline at telephone
number 612-672-7692 or toll free at 866-508-6961. You may also contact this office in writing
or in person at Fairview Research Administration, 2433 Energy Park Drive, St. Paul, MN 55108.
You will be given a copy of this form to keep for your records.
Statement of Consent
I have read the above information. I have asked questions and have received answers. I consent
to participate in the study.
Printed Name of Subject__________________________________
Signature of Subject__________________________________
Date_________________

Printed Name of Person Obtaining Consent_______________________________________
Signature of Person Obtaining Consent___________________________________________
Date_________________
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7.2 Preparticipation Screening Questionnaire

Regular physical activity is fun and healthy, and increasingly more people are starting to become more active every day.
Being more active is very safe for most people. However, some people should check with their doctor before they start becoming
more physically active.
Please read carefully and check all that apply to you at this time.
AHA/ACSM Health/Fitness Facility Preparticipation Screening Questionnaire
Assess your health needs by marking all true statements.
History
You have had:
___ A heart attack
___ Heart Surgery
___ Cardiac catheterization
___ Coronary angioplasty (PTCA)
___ Pacemaker/implantable cardiac
defibrillator/rhythm disturbance
___ Heart valve disease
___ Heart failure
___ Heart transplantation
___ Congenital heart disease

If you marked any of the statements in this section, consult your physician or other
appropriate healthcare provider before engaging in exercise. You may need to use
a facility with a medically qualified staff.

Symptoms
___ You experience chest discomfort with exertion.
___ You experience unreasonable breathlessness.
___ You experience dizziness, fainting, blackouts.
___ You take heart medications.

Other health issues
___ You have diabetes
___ You have asthma or other lung disease
___ You have burning or cramping in your
lower legs when walking short distances
___ You have musculoskeletal problems
that limit your physical activity
___ You have concerns about the safety of
exercise
___ You take prescription medication (s)
___ You are pregnant

Cardiovascular risk factors
___ You are a man older than 45 years
If you marked two or more of the statements in this
___ You are a woman older than 55 years, you have
section, you should consult your physician or other
had a hysterectomy, or you are postmenopausal
appropriate healthcare provider before engaging in
___ You smoke or quit within the previous 6 mo.
exercise. You might benefit by using a facility with a
___ Your BP is greater than 140/90
professionally qualified exercise staff to guide your
___ You don’t know your BP
exercise program.
___ You take BP medication
___ Your blood cholesterol level is >200 mg/dL
___ You don’t know your cholesterol level
___ You have a close blood relative who had a heart attack before age
55 (father or brother) or age 65 (mother or sister)
___ You are physically inactive (i.e., you get less than 30 min. of physical activity on at least 3 days per week)
___ You are more than 20 pounds overweight

___ None of the above is true

You should be able to exercise safely without consulting your physician or other
healthcare provider in a self-guided program or almost any facility that meets your
exercise program needs.

Balady et al. (1998). AHA/ACSM Joint
Statement. Recommendations for Cardiovascular Screening, Staffing, and Emergency Policies at Health/Fitness Facilities. Medicine &
Science in Sports & Exercise, 30(6). (Also in: ACSM’s Guidelines for Exercise Testing and Prescription, 7th Edition, 2005. Lippincott
Williams and Wilkins http://www.lww.com)
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