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Abstract 1 

Vitamin D may mitigate bone stress injuries in military training by modulating changes in 2 

bone. This cross-sectional observational study (Study 1) and randomised controlled trial (Study 3 

2) investigated associations between vitamin D metabolites and tibial structure and density, 4 

and the effect of vitamin D supplementation on tibial adaptations to military training. A total 5 

of 343 (Study 1) and 194 (Study 2) male British Army recruits participated. Circulating vitamin 6 

D metabolites (biologically ‘active’ and ‘inactive’) and tibial structure were measured in 7 

participants during week 1 (Study 1 only) and week 12 of initial military training. Associations 8 

between vitamin D metabolites and HRpQCT outcomes at week 1 were tested in Study 1. 9 

Participants in Study 2 were randomly assigned to vitamin D (oral pill or simulated sunlight) 10 

or placebo (placebo pill or placebo simulated sunlight) supplementation for 12 weeks designed 11 

to achieve vitamin D sufficiency. There was no association between total 25(OH)D or vitamin 12 

D receptor single-nucleotide polymorphisms and any measure of density, geometry, or 13 

microarchitecture (p  0.063). Higher 1,25(OH)2D was associated with lower cortical porosity 14 

and perimeter (p ≤ 0.040). Higher total 24,25(OH)2D was associated with higher trabecular 15 

number and lower trabecular thickness (p = 0.016). Higher 25(OH)D:24,25(OH)2D (VMR 1) 16 

was associated with higher trabecular thickness, trabecular separation, and cortical porosity (p 17 

≤ 0.034). Higher 1,25(OH)2D:24,25(OH)2D (VMR 2) was associated with lower trabecular 18 

number, and higher trabecular spacing and thickness (p ≤ 0.035). There was no effect of vitamin 19 

D supplementation on any tibial outcome. Training decreased trabecular area (–0.1%), 20 

thickness (–4.4%), and separation (–2.1%), and increased cortical thickness (0.8%) and area 21 

(0.9%) (p ≤ 0.042). Vitamin D metabolites and their ratios were associated with tibial size and 22 

microarchitecture, but vitamin D supplementation had no impact on the adaptive response to 23 

military training.  24 

Key Words: Military; Musculoskeletal Injury; Nutrition; Sunlight Exposure; Stress Fracture.25 



4 
 

Lay Summary 26 

The concentrations of active and inactive metabolites of vitamin D in blood, but not vitamin D 27 

status, were associated with tibial bone structure in male military recruits. Vitamin D 28 

supplementation, by oral pill or simulated sunlight, was successful increasing circulating 29 

vitamin D levels in male military recruits during training in winter. Military training resulted 30 

in an increase in cortical bone size, however, vitamin D supplementation had no effect on the 31 

tibial bone adaptive response to military training.32 



5 
 

Introduction 33 

Vitamin D is hydroxylated to 25-hydroxyvitamin D (25(OH)D) in the liver before 34 

hydroxylation to either 1,25-dihydroxyvitamin D (1,25(OH)2D) in the kidney or 24,25-35 

dihydroxyvitamin D (24,25(OH)2D).(1–5) The metabolite 1,25(OH)2D is responsible for most 36 

of the biological actions of vitamin D, but 24,25(OH)2D—the preferred metabolite in 37 

catabolism of 25(OH)D—has its own biological actions.(2) 1,25(OH)2D increases intestinal 38 

absorption of calcium and phosphate to maintain mineral homeostasis, but can also act directly 39 

on bone through the vitamin D receptor.(2–4) The role of 24,25(OH)2D in human bone is not 40 

clear, but animal data suggest this metabolite can increase calcium and phosphate levels and 41 

promote mineralisation(6) and act as a surrogate marker of vitamin D receptor activity, 42 

particularly when expressed relative to 25(OH)D.(7) Several single-nucleotide polymorphisms 43 

(SNPs) in the vitamin D receptor gene may also contribute to bone outcomes;(8–10) SNPs are 44 

genetic variants at a single base position in the gene that may change the level of gene 45 

expression or the protein sequence and expression. The vitamin D pathway is complex: 46 

parathyroid hormone (PTH)—which has its own catabolic and anabolic actions on bone—47 

stimulates the production of, and is inhibited by, 1,25(OH)2D. The metabolite 1,25(OH)2D can 48 

also promote its own catabolism and inhibit its own production, stimulate bone formation, and 49 

stimulate and inhibit bone resorption.(2–4,11,12) 50 

 51 

Military training is characterised by a sudden increase in unaccustomed, high-impact, and 52 

repetitive lower limb mechanical loading, which can lead to bone stress injuries through 53 

targeted remodelling of fatigue damage.(13) Several studies have shown changes in tibial 54 

geometry and density measured by peripheral quantitative computed tomography (pQCT) or 55 

high-resolution pQCT (HRpQCT) following 8 to 14 weeks military training.(14–20) These 56 

studies provide evidence of adaptive bone formation, and strategies that promote bone 57 
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formation may reduce bone stress injury risk. The prevalence of vitamin D deficiency and 58 

insufficiency (serum total 25(OH)D <30 and 30 to 50 nmol·L-1) in British Army recruits in 59 

winter is 31% and 41%.(21) Higher total 25(OH)D(22) and a greater conversion of 25(OH)D to 60 

24,25(OH)2D
(21) have been associated with a lower incidence of bone stress injury in military 61 

training, indicating that vitamin D metabolites and their ratios may be important in bone health. 62 

Additionally, the vitamin D receptor rs2228570 polymorphism has been associated with bone 63 

stress injury risk and calcaneal stiffness(23) and bone turnover(24) in military personnel. The 64 

association between vitamin D metabolites and vitamin D receptor SNPs and tibial bone 65 

structure is poorly understood. Vitamin D deficiency has been associated with larger declines 66 

in tibial cortical volumetric bone mineral density (vBMD) during 8 weeks of military 67 

training.(14) A 1000 international units per day (IU·d-1) vitamin D and 2000 mg·d-1 calcium 68 

supplement promoted increases in tibial cortical vBMD and cortical thickness during 9 weeks 69 

of basic military training.(25) Subsequent studies have shown that vitamin D (1000 IU·d-1) and 70 

calcium supplementation (1000 or 2000 mg·d-1) did not affect tibial bone adaptation to 8 or 12 71 

weeks of military training,(26,27) however, these studies were largely conducted in summer when 72 

25(OH)D is highest.(21) Only one published study has examined the effects of vitamin D 73 

supplementation on HRpQCT outcomes during military training, but this study employed a 74 

training course of only 8 weeks in duration and supplementation started in spring or summer 75 

when few participants (<20%) were vitamin D insufficient or deficient (total 25(OH)D <50 76 

nmol∙L-1).(27) 77 

 78 

Understanding the associations between vitamin D metabolites and tibial bone structure, and 79 

the effect of vitamin D supplementation on the adaptive bone response to military training, may 80 

inform strategies for reducing bone stress injury risk. Vitamin D deficiency(21) and tibial bone 81 

stress injuries(28) are highly prevalent in the physically arduous British Army infantry training. 82 
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This manuscript presents an observational study exploring associations between vitamin D 83 

metabolites, vitamin D receptor SNPs, and tibial bone structure (Study 1), and a randomised 84 

controlled trial investigating the effect of vitamin D supplementation on tibial adaptive bone 85 

formation (Study 2). We hypothesised that higher circulating total 25(OH)D and 1,25(OH)2D 86 

are positively associated with tibial density, size, and microarchitecture, and vitamin D 87 

supplementation will promote adaptation in tibial bone. 88 

 89 

Materials and Methods 90 

This manuscript prevents findings from two separate studies. Study 1 presents bone outcomes 91 

from a larger observational cross-sectional study exploring vitamin D status and illness, 92 

infection, and performance outcomes,(21,29–33) and Study 2 presents bone outcomes from a 93 

larger randomised controlled trial exploring the effect of vitamin D supplementation on illness, 94 

infection, and physical performance outcomes(30–32) in military recruits. 95 

 96 

Participants 97 

All participants were male British Army infantry trainees recruited during week one of their 98 

infantry basic military training course at the Infantry Training Centre, Catterick, UK (latitude 99 

54°N). Women were excluded from infantry roles at the time of data collection. Participants 100 

had passed their medical assessment and were declared free of any injury or health condition 101 

precluding military training. Each participant had the study procedures and risks fully 102 

explained verbally and in writing. Written informed consent was obtained from all participants. 103 

All procedures were approved by the Ministry of Defence Research Ethics Committee 104 

(refs:165/Gen/10 and 692/MoDREC/15). For Study 1, the study was advertised from January 105 

2014 to July 2017. For Study 2, the study was advertised during January and February 2016 106 

and 2017 when ambient ultraviolet B was negligible in the UK; participants were eligible if 107 
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they had sun-reactive skin type I to IV, were not currently consuming vitamin D supplements, 108 

and had not used a sun bed or travelled to a sunny climate in the three months before the study. 109 

 110 

Study Design: Study 1 111 

This study was a cross-sectional study exploring relationships between vitamin D metabolites 112 

and tibial density, geometry, and microarchitecture. All data were collected at the start (week 113 

1) of basic military training before any physical activity. Venous blood samples were drawn 114 

for analysis of vitamin D metabolites. Tibial structure was measured at the ultra-distal tibia by 115 

HRpQCT. Body mass, height, and body composition by DXA were measured. Childhood 116 

exercise volume and smoking status were measured by questionnaire. 117 

 118 

Study Design: Study 2 119 

This study was a randomised double-blind placebo-controlled trial that explored the effect of 120 

vitamin D supplementation on bone metabolism and tibial density, geometry, and 121 

microarchitecture adaptations to basic military training. All participants were completing the 122 

26-week British Army infantry basic training course, divided into two phases (Phase One: 14 123 

weeks basic training; Phase Two: 12 weeks specialist infantry training). The first 14 weeks of 124 

British Army infantry basic military training prepares civilians for military service and involves 125 

periods of aerobic endurance training, strength and conditioning, military specific fitness 126 

training (obstacle course, circuit training), military drill, progressive loaded marching, and 127 

basic military skills (field exercise, weapon handling). The last two weeks of infantry training 128 

involve a decrease in military activities and an increase in administrative tasks in preparation 129 

for completing training. British Army recruits complete high volumes of weight-bearing 130 

exercise and have high exercise energy expenditures (typically > 4,000 kcal·d-1 for men),(34,35) 131 

and we have previously shown that British Army infantry training results in marked increases 132 
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in tibial bone density and size.(16) Participants were block randomised (parallel 1:1) to one of 133 

four 12-week interventions: i) solar-simulated ultraviolet radiation; ii) solar-simulated 134 

ultraviolet radiation placebo; iii) oral vitamin D3; or iv) oral placebo. The solar-simulated 135 

radiation and oral vitamin D3 were designed to restore, and then maintain, vitamin D 136 

sufficiency. Participants completed a four-week restoration phase followed by an eight-week 137 

maintenance phase. Solar-simulated ultraviolet radiation was provided as described previously  138 

to achieve 25(OH)D ≥50 nmol·L-1 in most white skinned individuals.(32) Participants were 139 

exposed three times per week during the restoration phase and once per week during the 140 

maintenance phase to a constant ultraviolet radiation dose using a whole-body irradiation 141 

cabinet (Hapro Jade, Kapelle, Netherlands) fitted with Arimed B fluorescent tubes (Cosemdico, 142 

Stuttgart, Germany), which emitted an ultraviolet radiation spectrum similar to sunlight (ƛ, 143 

290–400 nm, 95% ultraviolet A, 320–400 nm, 5% ultraviolet B, 290–320 nm). During each 144 

exposure, participants received a 1.3  standard erythemal dose, wearing shorts and T-shirt. 145 

For the placebo, participants had the same number and duration of exposures, but the 146 

fluorescent tubes were covered with transparent ultraviolet radiation blocking film 147 

(DermaGard ultraviolet film; SunGard, Woburn, MA). Participants receiving the oral vitamin 148 

D3 consumed a daily vitamin D3 capsule containing 1000 IU during the restoration phase and 149 

400 IU during the maintenance phase (Pure Encapsulations, Sudbury, MA). The restoration 150 

dose was based on previous modelling and extensive piloting to achieve 25(OH)D ≥50 nmol·L-151 

1. The placebo group consumed a daily identical looking placebo capsule (Almac Group, 152 

County Armagh, UK). The vitamin D3 content of the 1000 IU, 400 IU, and placebo capsules 153 

was 1090 IU, 460 IU, and 0 IU. Before and after the 12-week intervention tibial density, 154 

geometry, and microarchitecture were measured by HRpQCT, and areal bone mineral density 155 

(aBMD) was measured by DXA. Venous blood samples were taken at weeks 1, 5, and 12 to 156 

determine vitamin D status and metabolites and circulating markers of bone metabolism. The 157 
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vitamin D status data have been previously published(32) and show that both the solar-simulated 158 

radiation and oral vitamin D3 treatments increased serum total 25(OH)D and 1,25(OH)2D to a 159 

similar extent. Therefore, the two treatment groups were collapsed into one vitamin D group 160 

(solar-simulated radiation and oral vitamin D3) and the two placebo groups were collapsed into 161 

one placebo group (solar-simulated radiation placebo and oral placebo) resulting in one 162 

intervention group and one control group. 163 

 164 

Tibial Volumetric Bone Mineral Density, Geometry, and Microarchitecture 165 

First-generation HRpQCT (XtremeCT, Scanco Medical AG, Switzerland) was used to assess 166 

vBMD, geometry, and microarchitecture of the ultra-distal tibia in the non-dominant leg (Study 167 

1) and right leg (Study 2). Leg dominance was self-determined as the leg most likely used to 168 

kick a ball. The right leg was chosen for Study 2 as the tibial adaptive response to military 169 

training is similar between dominant and non-dominant legs.(16) A 3D representation of 9.02 170 

mm of the tibia in the axial direction was obtained from 110 slices with an isotropic voxel size 171 

of 82 μm. The leg was fitted into a carbon fibre shell and immobilised within the scanner gantry. 172 

A reference line was positioned at the tibial endplate with the first slice taken from 22.5 mm 173 

proximal to the reference line. Daily quality control scans were performed using the 174 

manufacturer issued phantom. The quality of each scan was reviewed by a single operator 175 

according to manufacturer instructions and any poor-quality scans were repeated. The 176 

manufacturer’s standard evaluation procedure was used to derive: total, trabecular, and cortical 177 

vBMD (mg HA∙cm-3); trabecular area (mm-2); trabecular bone volume fraction (%); trabecular 178 

number (1∙mm-1); trabecular thickness (µm); trabecular separation (µm); cortical area (mm-2); 179 

cortical thickness (mm), and; cortical perimeter (mm). A semi-automated segmentation 180 

technique was used to determine cortical porosity (%). Automated 2D registration was used for 181 

longitudinal analysis in Study 2 and participants with <75% common region were excluded.(36) 182 
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Micro-finite element analysis was performed using the manufacturer’s software to estimate 183 

stiffness (kN∙mm-1) and failure load (kN). All scans and evaluations were performed by a single 184 

investigator.  185 

 186 

Blood Collection 187 

A venous blood sample was collected either in the morning (0900 to 1100 h) or early afternoon 188 

(1300 to 1500 h). It was not possible to standardise the blood sample for the same time of day 189 

due to the nature of military training, but time of day was matched between week 1 and week 190 

12 in Study 2 to ensure circadian patterns were controlled for. Venous blood was drawn from 191 

a vein in the antecubital fossa and collected in serum and EDTA tubes (Becton Dickinson, New 192 

Jersey, USA). Serum samples were left to clot for 1 hour at room temperature. Blood samples 193 

were centrifuged at 1500 g and 4°C for 10 min before serum and plasma were separated and 194 

stored at −80°C until the time of analyses. 195 

 196 

Biochemical Analyses 197 

Plasma procollagen type I N-terminal propeptide (PINP), c-telopeptide cross-links of type I 198 

collagen (βCTX), and PTH were analysed by electro-chemiluminescence immunoassays on 199 

the COBAS c601 platform (Roche Diagnostics, Mannheim, Germany). Serum samples were 200 

analysed for total 25(OH)D (sum of 25(OH)D2 and 25(OH)D3) and total 24,25(OH)2D (sum of 201 

24,25(OH)2D2 and 24,25(OH)2D3) by high-performance liquid chromatography tandem mass 202 

spectrometry using a Micromass Quattro Ultima Pt electrospray ionisation mass spectrometer. 203 

The 25(OH)D3 and 25(OH)D2 assays were calibrated using the National Institute of Science 204 

and Technology standard reference material SRM972a. Serum 1,25(OH)2D was measured by 205 

chemiluminescent immunoassay using a DiaSorin LIAISON® XL analyser (Stillwater, 206 

Minnesota, USA). The vitamin D metabolite ratios (VMR) 25(OH)D:24,25(OH)2D (VMR 1) 207 
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and 1,25(OH)2D:24,25(OH)2D (VMR 2) were calculated.(21,29,33,37) All analyses were 208 

undertaken according to Good Clinical Laboratory Practice and by the Vitamin D External 209 

Quality Assessment Scheme certified Bioanalytical Facility, University of East Anglia, 210 

Norwich, UK. Assay precisions are presented in Supplementary Material 1. 211 

 212 

Single-Nucleotide Polymorphisms 213 

Whole blood samples in EDTA vacutainers were defrosted and resuspended for 15 min on a 214 

rotating wheel. Genomic DNA was isolated from whole blood using the ReliaPrep™ Blood 215 

gDNA Miniprep System (Promega, Southampton, UK) according to manufacturer’s 216 

instructions. Using samples of DNA, Kompetitive Allele Specific PCR (KASP™, LGC 217 

Genomics, Teddington, Middlesex, UK) genotyping was used for SNP genotyping of 218 

rs2228570, rs4516035, and rs7139166 in the vitamin D receptor gene. All three polymorphisms 219 

have been associated with total 25(OH)D(38) with the rs2228570 polymorphism previously 220 

associated with bone stress injury and lower limb bone quality outcomes in male military 221 

personnel,(23) and the rs4516035 polymorphism previously associated with osteoporosis.(39) 222 

Genotypes were designated as TT, CC, or CT alleles for the rs2228570 and rs4516035 SNPs, 223 

and GG, CC, or CG alleles for the rs7139166 SNP.   224 

 225 

Whole-Body Areal Bone Mineral Density 226 

Whole-body lean mass, fat mass, and aBMD were assessed by DXA (Lunar iDXA, GE 227 

Healthcare, Buckinghamshire, UK), with participants wearing underwear. The CV for whole-228 

body aBMD, lean mass, and fat mass is 0.5%, 0.5%, and 1.1%. Regional aBMD was derived 229 

from the whole-body scan. 230 

 231 

Statistical Analyses: Study 1 232 
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All data were analysed using the R programming language (v.4.4.1). These were secondary 233 

analyses(21,29–31,33) and so no a priori sample size was calculated. Generalized additive models 234 

(mgcv package v.1.9-1) were used to test associations between each vitamin D metabolite or 235 

their ratios (total 25(OH)D, 1,25(OH)2D, total 24,25(OH)2D, VMR 1, and VMR 2) and tibial 236 

structure (HRpQCT outcomes) controlling for age, height, lean mass, fat mass, childhood 237 

exercise volume, and smoking status.(33) Smoothing splines were assigned to each continuous 238 

variable with the knots unspecified and the model fitted with restricted maximum likelihood 239 

estimation. Variance and normality of the residuals were checked visually, and k values were 240 

checked against p ≤ 0.05. Only one model revealed non-normal residuals; the residuals in the 241 

VMR 1 models revealed right skew. One participant had very high VMR 1 (approximately nine 242 

standard deviations above the mean) and was removed from analysis. The significance of the 243 

smooth terms was accepted as p ≤ 0.05. The deviance explained, which is interpreted like R2, 244 

for the individual vitamin D metabolites was determined by comparing the deviance explained 245 

for the generalised model to a null model (the same generalized additive model without the 246 

vitamin D metabolite included). A one-way ANCOVA (car package v.3.1-3) was used to 247 

compare HRpQCT outcomes between individuals grouped based on alleles of the rs2228570 248 

(TT vs CC vs CT), rs4516035 (TT vs CC vs CT), and rs7139166 (GG vs CC vs CG) 249 

polymorphisms, controlling for age, height, lean mass, fat mass, childhood exercise volume, 250 

and smoking status.(33) Significance accepted as p ≤ 0.05. 251 

 252 

Statistical Analyses: Study 2 253 

These were secondary analyses of a randomised controlled trial(30–32) and so a sensitivity 254 

analysis rather than an a priori sample size was calculated. Sensitivity analysis revealed that 255 

our sample size (based on a two-group trial with a minimum of 33 per group), was adequate to 256 

detect a small to medium effect size (f2  0.176) with an alpha of 0.05 and a power of 80% (pwr 257 
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package v.1.3-0). Linear mixed effect models with restricted maximum likelihood estimation 258 

were used to examine changes in HRpQCT, DXA, and blood biomarker outcomes between 259 

vitamin D and placebo groups. Group (vitamin D vs placebo), time (week 1 vs week 5 [blood 260 

biomarkers only] vs week 12), and their interaction were included as fixed effects. Random 261 

intercepts were assigned to each participant to account for within participant correlation for 262 

repeated measures. The significance of the fixed effects was determined with Satterthwaite 263 

degrees of freedom (lmerTest package v.3.1.3). In the event of a significant interaction, 264 

pairwise uncorrected comparisons were used to identify differences between time points or 265 

groups (emmeans package v.1.10.4). Pooled data were used for main effects when there was 266 

no significant interaction, and each group was analysed independently when there was a 267 

significant interaction. Normality of the residuals were checked visually by plotting the 268 

residuals against the fitted values and from Q-Q plots. The residuals for total and arms aBMD, 269 

total and trabecular vBMD, trabecular volume and spacing, and cortical porosity and perimeter 270 

had long-tailed distributions, but no model had skewed distribution, histograms of original data 271 

revealed no obvious influential data points, and this study had a reasonable sample size, and so 272 

the models were interpreted under the assumption of normality. The residuals for VMR 1 and 273 

VMR 2 also had long-tailed distributions, which were successfully corrected by log-274 

transformation. Effect sizes are presented as partial eta-squared (ηp
2) for main and interaction 275 

effects, Hedges’ g for between-group comparisons, and paired Hedges’ g for within-group 276 

paired comparisons (effectsize package v.0.6.0.1). Figures were drawn in the ggplot2 package 277 

(v.3.4.2). Significance was accepted as p ≤ 0.05. 278 

 279 

Results 280 

Study 1: Participants 281 
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A total of 1332 male infantry recruits volunteered. A random convenience sample of 343 282 

participants were selected for HRpQCT measurements (Table 1). Only 343 participants could 283 

be included in the HRpQCT outcomes due to time constraints in the military training 284 

programme. Participants were recruited throughout the year (spring n = 59, summer n = 104, 285 

autumn n = 123, winter n = 57).  286 

 287 

Study 1: Associations Between Vitamin D Metabolites and Tibial Structure 288 

There was no association between total 25(OH)D and any measure of tibial trabecular or 289 

cortical vBMD, geometry, or microarchitecture (p = 0.063 to 0.919) (Figure 1). Higher 290 

1,25(OH)2D was associated with lower cortical porosity (p = 0.005) and lower cortical 291 

perimeter (p = 0.040) in an approximately linear relationship, but 1,25(OH)2D was not 292 

associated with any other bone outcome (p = 0.054 to 0.777) (Figure 2). Higher total 293 

24,25(OH)2D was associated with higher trabecular number (p = 0.016) and lower trabecular 294 

thickness (p = 0.016) in an approximately linear relationship, but total 24,25(OH)2D was not 295 

associated with any other bone outcome (p = 0.052 to 0.897) (Figure 3).  296 

 297 

Higher VMR 1 was associated with greater trabecular thickness (p = 0.006) and greater 298 

trabecular separation (p = 0.034) until approximately 15 (arbitrary unit, range 5 to 59) 299 

(Supplementary Figure 1). Higher VMR 1 beyond 25 was also associated with higher 300 

trabecular thickness and trabecular separation, but the confidence intervals were large. Higher 301 

VMR 1 was associated with higher cortical porosity (p = 0.009), in an approximately linear 302 

relationship, but VMR 1was not associated with any other bone outcome (p = 0.078 to 0.880). 303 

Higher VMR 2 was associated with lower trabecular number (p = 0.018) and greater trabecular 304 

spacing (p = 0.027) in an approximately linear relationship (Supplementary Figure 2). Higher 305 

VMR 2 was also associated with higher trabecular thickness until approximately 125 VMR 1 306 
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(p = 0.035). There were no other associations between VMR 1 and bone outcomes (p = 0.207 307 

to 0.867). 308 

 309 

Study 1: Associations Between Single-Nucleotide Polymorphisms and Tibial Structure 310 

For the rs2228570 SNP, the proportion of people with the TT, CC, and CT alleles were 17%, 311 

36%, and 47%; for the rs4516035 SNP, the proportion of people with the TT, CC, and CT 312 

alleles were 37%, 16%, and 46%; for the rs7139166 SNP, the proportion of people with the 313 

GG, CC, and CG alleles were 46%, 38%, and 16%. There were no associations between any 314 

vitamin D receptor SNPs and bone outcomes (data not shown, p = 0.103 to 0.888).  315 

 316 

Study 2: Participants 317 

A total of 319 male infantry recruits volunteered; 29 did not meet the inclusion criteria (sunbed 318 

use n = 13, vitamin D supplements n = 2, recent holiday n = 9, skin type V/VI n = 5) and 59 319 

withdrew before randomisation. A total of 231 completed baseline measures and 194 320 

completed at least one follow-up measure and were included in analyses (Figure 4, Table 2). 321 

A total of 56 of these 231 had at least one musculoskeletal injury, four of which were a bone 322 

stress injury. Of these, 78 had baseline and follow-up HRpQCT scans; five participants had 323 

common regions <75% resulting in 73 participants with completed scans (median common 324 

region 95% [92%, 98%], median number of slices analysed = 105 slices [101, 108]). Daily 325 

sunlight exposure and vitamin D intake have been reported previously and were not different 326 

between groups.(32) All participants had more than 80% compliance to treatment and were 327 

adequately blinded to the intervention with 35% correctly guessing their allocation, 32% were 328 

incorrect, and 33% did not know.(32) 329 

 330 

Study 2: Vitamin D Supplementation and Vitamin D Metabolites 331 
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Circulating vitamin D metabolites and markers of bone metabolism are shown in Figure 5 with 332 

vitamin D metabolite ratios presented in Supplementary Material 2 and shown in 333 

Supplementary Figure 3. There were group  time interactions for total 25(OH)D, 1,25(OH)2D, 334 

and 24,25(OH)2D (all p ≤ 0.001, ηp
2 = 0.038 to 0.431). Total 25(OH)D increased from week 1 335 

to week 5 and week 12 (both p < 0.001, g = 1.72 to 1.73) in the vitamin D group with week 5 336 

and week 12 not different (p = 0.194, g = 0.19). Total 25(OH)D did not change from week 1 337 

to week 5 in the placebo group (p = 0.709, g = 0.12) but increased from week 5 to week 12 (p 338 

< 0.001, g = 1.29) with week 12 also higher than week 1 (p < 0.001, g = 1.07). Total 25(OH)D 339 

was higher in the vitamin D than placebo group at week 5 and week 12 (both p < 0.001, g = 340 

0.94 to 2.20). The number of vitamin D sufficient participants was 95% and 94% at week 5 341 

and week 12 for the vitamin D group and 22% and 66% at week 5 and week 12 for the placebo 342 

group. 1,25(OH)2D increased from week 1 to week 5 and week 12 in the vitamin D group (both 343 

p < 0.001, g = 0.33 to 0.40) with week 5 and week 12 not different (p = 0.972, g < 0.01). 344 

1,25(OH)2D did not change from week 1 to week 5 in the placebo group (p = 0.278, g = 0.15) 345 

but increased from week 5 to week 12 (p = 0.004, g = 0.35) with week 12 not different to week 346 

1 (p = 0.152, g = 0.23). 1,25(OH)2D was higher in the vitamin D than placebo group at week 5 347 

(p = 0.002, g = 0.44) but not at week 12 (p = 0.434, g = 0.12). 24,25(OH)2D increased from 348 

week 1 to week 5 and week 12 in the vitamin D group (both p < 0.001, g = 1.53 to 1.64) with 349 

week 5 and week 12 not different (p = 0.194, g = 0.17). 24,25(OH)2D decreased from week 1 350 

to week 5 in the placebo group (p = 0.017, g = 0.37) and increased from week 5 to week 12 (p 351 

< 0.001, g = 1.04) with week 12 higher than week 1 (p < 0.001, g = 0.41). 24,25(OH)2D was 352 

higher in the vitamin D than placebo group at week 5 and week 12 (both p < 0.001, g = 1.24 to 353 

1.75).  354 

 355 

Study 2: Vitamin D Supplementation and Bone Metabolism 356 
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Circulating markers of bone metabolism are shown in Figure 5. There was a group  time 357 

interaction for PTH (p < 0.001, ηp
2 = 0.051). PTH decreased from week 1 to week 5 and week 358 

12 in the vitamin D group (p < 0.001 to 0.030, g = 0.28 to 0.77) with week 12 lower than week 359 

5 (p < 0.001, g = 0.49). PTH increased from week 1 to week 5 in the placebo group (p = 0.040, 360 

g = 0.21) and decreased from week 5 to week 12 (p = 0.015, g = 0.27) with week 1 and week 361 

12 not different (p < 0.837, g = 0.07). PTH was lower in the vitamin D than placebo group at 362 

week 5 and week 12 (p = 0.003 to 0.010, g = 0.35 to 0.60). There was no effect of vitamin D 363 

supplementation (main effects of group, p = 0.258 to 0.943, ηp
2 = 0.007 to 0.021; group  time 364 

interactions, both p = 0.716 to 0.753, both ηp
2 = 0.002) on βCTX and PINP but there were main 365 

effects of time (both p ≤ 0.001, ηp
2 = 0.249 to 0.265). βCTX decreased from week 1 to week 5 366 

and week 12 when the level of group was collapsed (both p < 0.001, g = 0.68 to 0.72) with 367 

week 5 and week 12 not different (p = 0.987, g = 0.02). PINP increased from week 1 to week 368 

5 and week 12 when the level of group was collapsed (p < 0.001 to 0.048, g = 0.13 to 0.76) and 369 

decreased from week 5 to week 12 (p < 0.001, g = 0.67). 370 

 371 

Study 2: Vitamin D Supplementation, Areal Bone Mineral Density, and Tibial Structure 372 

Total body and regional aBMD are shown in Supplementary Figure 4. There was no effect of 373 

vitamin D supplementation on aBMD at any site (main effects of group, all p = 0.305 to 0.811, 374 

ηp
2 = 0.001 to 0.010; group  time interactions, all p = 0.318 to 0.705, ηp

2 = 0.002 to 0.012). 375 

Training increased legs aBMD (0.9 ± 1.9%, main effect of time, p < 0.001, ηp
2 = 0.173) but had 376 

no effect on total, arms, or trunk aBMD when collapsing the level of group (main effects of 377 

time, all p = 0.187 to 0.366, ηp
2 = 0.010 to 0.021). 378 

 379 

Tibial density, geometry, and microarchitecture are shown in Table 3. There was no effect of 380 

vitamin D supplementation (main effects of group, all p = 0.146 to 0.958, ηp
2 < 0.001 to 0.030; 381 



19 
 

group  time interactions, all p = 0.186 to 0.900, ηp
2 < 0.001 to 0.030) or training (main effects 382 

of time, all p = 0.097 to 0.911, ηp
2 < 0.001 to 0.038) on total vBMD, trabecular vBMD, 383 

trabecular volume, trabecular number, cortical vBMD, cortical porosity, stiffness, or failure 384 

load. There was no effect of vitamin D supplementation (main effects of group, all p = 0.080 385 

to 0.942, ηp
2 < 0.001 to 0.043; group  time interactions, all p = 0.071 to 0.461, ηp

2 = 0.008 to 386 

0.045) but training decreased trabecular area (−0.1 ± 0.5%), trabecular thickness (−2.1 ± 387 

10.1%), trabecular separation (−4.4 ± 18.4%), and increased cortical area (0.9 ± 2.6%) and 388 

cortical thickness (0.8 ± 2.9%) (main effects of time, all p = 0.008 to 0.042, ηp
2 = 0.057 to 389 

0.096).   390 

 391 

Discussion 392 

Vitamin D metabolites and their ratios were associated with tibial size and microarchitecture 393 

in male military recruits. Military training resulted in adaptations to cortical geometry and 394 

trabecular microarchitecture at the ultra-distal tibia, but vitamin D supplementation had no 395 

impact on the adaptive response to training. Only one study has used HRpQCT to examine the 396 

effects of vitamin D supplementation on tibial bone adaptation to military training, showing no 397 

effect of supplementation over 8 weeks of training in summer (when few participants [<20%] 398 

were vitamin D deficient or insufficient [25(OH)D <50 nmol∙L-1]).(27) Our data show vitamin 399 

D supplementation in winter—where over 75% of participants were vitamin D deficient or 400 

insufficient and supplementation restored 95% of participants to vitamin D sufficiency—had 401 

no effect on ultra-distal tibial adaptation to a longer period of military training. The participants 402 

in this study were completing infantry training, one of the British Army’s most arduous courses 403 

with a high risk of bone stress injuries.(28)  404 

 405 

Vitamin D Metabolites and Tibial Structure 406 
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Total 25(OH)D was not associated with any measure of tibial density, geometry, or 407 

microarchitecture, but higher 1,25(OH)2D was associated with lower cortical porosity and 408 

cortical perimeter, although the amount of variance explained was small for all metabolites. 409 

1,25(OH)2D has a short half-life and is tightly regulated, demonstrating no relationship with 410 

25(OH)D.(37) Data from other HRpQCT observational studies show positive associations 411 

between 25(OH)D and tibia trabecular vBMD, cortical area, and/or trabecular 412 

microarchitecture in young,(40) middle aged,(41) and older(42,43) women and/or men; the 413 

homogeneity of our population (i.e., all had passed military fitness standards) may explain why 414 

we did not observe associations between total 25(OH)D and bone outcomes. There are limited 415 

vitamin D metabolite and HRpQCT data previously published. Higher 1,25(OH)2D could 416 

lower cortical porosity through increased mineralisation from increased calcium and phosphate 417 

availability, and by inhibiting PTH-induced bone resorption in cortical bone.(4,12) It is not clear 418 

why higher 1,25(OH)2D was also associated with smaller cortical perimeter, but vitamin D 419 

supplementation has been shown to decrease cortical perimeter during military training(25) 420 

possibly through an increase in remodelling; higher 1,25(OH)2D can increase bone resorption 421 

on the periosteal surface through stimulating osteoblast receptor activator of nuclear factor 422 

kappa B ligand (RANKL) production.(4) High dose vitamin D supplementation (1800 to 10,000 423 

IU·d-1) has also shown to deteriorate aspects of tibial trabecular microarchitecture and/or 424 

cortical vBMD in fracture patients,(44) postmenopausal women with secondary 425 

hyperparathyroidism,(45) and older adults;(46) however, the deterioration appears associated 426 

with the increase in 24,25(OH)2D rather than 1,25(OH)2D.(47) In our study, higher total 427 

24,25(OH)2D was associated with higher trabecular number and lower trabecular thickness 428 

providing new evidence that different vitamin D metabolites have different associations with 429 

cortical and trabecular bone. The role of 24,25(OH)2D in human bone is not clear, but animal 430 
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data suggest this metabolite can increase calcium and phosphate levels and promote 431 

mineralisation.(6)  432 

 433 

Higher VMR 1 was associated with greater trabecular thickness, trabecular separation, and 434 

cortical porosity. Conversion of 25(OH)D to 24,25(OH)2D is stimulated by 1,25(OH)2D to 435 

prevent tissue level toxicity(5,7) and so 24,25(OH)2D and the ratio between 24,25(OH)2D and 436 

25(OH)D could be surrogate markers of vitamin D receptor activity.(7) Higher production of 437 

24,25(OH)2D relative to 25(OH)D (i.e., higher 24,25(OH)2D:25(OH)D) was associated with 438 

higher tibial total and trabecular vBMD in older men,(7) consistent with our finding of lower 439 

trabecular separation with lower VMR 1, but it is unclear why trabecular thickness was also 440 

greater with higher VMR 1. The rs2228570 polymorphism has been associated with bone stress 441 

injury risk and calcaneal stiffness index measured by ultrasound,(23) and lower values of 442 

biochemical markers of bone turnover(24) in military personnel, but we did not observe any 443 

association between vitamin D receptor polymorphisms and HRpQCT outcomes with the few 444 

SNPs we selected. Higher VMR 2 was associated with lower trabecular number and higher 445 

trabecular spacing and thickness. Lower VMR 2 and higher 24,25(OH)2D
(21) have been 446 

associated with a lower incidence of bone stress injury in military training, and the higher 447 

trabecular number with lower VMR 2 may contribute to this reduced risk. The associations in 448 

this study must be interpreted with caution as the effects were small and were influenced by 449 

individuals with high metabolite values. 450 

 451 

Vitamin D Supplementation and Tibial Structure 452 

Vitamin D supplementation increased total 25(OH)D and 1,25(OH)2D compared with placebo. 453 

Total 25(OH)D and 1,25(OH)2D increased in the placebo group by week 12, likely due to 454 

increased sun exposure(16,17,27) and release from fat stores.(14) Circulating 24,25(OH)2D showed 455 
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a similar pattern, consistent with increased catabolism of 25(OH)D. Vitamin D 456 

supplementation had no effect on tibial adaptation to military training. Conversely, vitamin D 457 

(1000 IU·d-1) and calcium (2000 mg·d-1) supplementation augmented increases in pQCT-458 

derived tibial cortical vBMD (4% site) and cortical thickness (14% site) following 9 weeks 459 

military training in men and women.(25) Vitamin D deficiency has also been associated with a 460 

greater decrease in tibial cortical vBMD following 8 weeks military training in women 461 

measured by HRpQCT.(14) Cortical vBMD was unchanged in our study and the cortical vBMD 462 

response at the distal tibia to military training is inconsistent with increases,(16,19,20) 463 

decreases,(14) and no change(17,18) reported. 464 

 465 

It is possible we did not observe an effect of vitamin D supplementation on tibial outcomes 466 

because vitamin D may largely affect cortical bone, and our analysis was limited to the highly 467 

trabecular ultra-distal tibia. Military training can elicit periosteal expansion at the tibia(15,17,18,27) 468 

with periosteal apposition an important part of the formation modelling response to increased 469 

loading.(48) Our HRpQCT methods may have been unable to detect an effect of vitamin D on 470 

cortical bone; periosteal expansion is difficult to detect as the 2D registration method matches 471 

baseline and follow-up scans by cross-sectional area, and the first generation HRpQCT can 472 

lack resolution in detecting smaller cortical pores in the assessment of cortical porosity.(36) 473 

Increased 1,25(OH)2D could promote cortical mineralisation and periosteal expansion through 474 

increasing calcium and phosphate intestinal absorption or by inhibiting PTH secretion, which 475 

increases bone resorption—predominantly in cortical bone—by stimulating RANKL and 476 

inhibiting osteoprotegerin (OPG);(3,11,12) the periosteal cells appear more sensitive to PTH than 477 

endosteal cells.(49) Vitamin D suppressed PTH in this study, consistent with other military 478 

training studies showing vitamin D and calcium supplementation suppressed PTH and 479 

increased OPG:RANKL,(25) yet we did not observe a difference in markers of bone metabolism 480 
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between groups. Evidence from transgenic mouse models shows 1,25(OH)2D can also directly 481 

promote periosteal bone formation through the vitamin D receptor on osteoblasts.(50) 482 

Nevertheless, our findings are supported by other studies showing vitamin D (1000 IU·d-1) and 483 

calcium (1000 or 2000 mg·d-1) supplementation had no effect on tibial adaptations to 8 to 12 484 

weeks military training.(26,27)  485 

 486 

Training increased cortical thickness (0.8%) and cortical area (0.9%), consistent with previous 487 

HRpQCT studies in military training.(14,16,18–20) Increased cortical thickness could develop from 488 

formation modelling on either the periosteal or endosteal surface.(48) Training also decreased 489 

trabecular area (–0.1%), consistent with previous HRpQCT studies of basic military 490 

training(14,16,18) and animal studies of bone formation,(51) indicative of endocortical 491 

contraction.(16,18) We were unable to determine if training resulted in periosteal apposition using 492 

our 2D registration method(36) but small increases in circumference add considerably to 493 

strength and fracture resistance.(52) Periosteal expansion may protect against bone stress injury 494 

risk by providing strength in bending,(52) offsetting temporary weakening due to increased 495 

porosity during remodelling of fatigue damage.(48) The clinical and mechanical implications of 496 

periosteal expansion at the distal tibia are unclear as the distal tibia is subject to different and 497 

complex loading patterns with most of the forces at the distal tibia compressive(15,16) with some 498 

tensile strains,(53) and bone stress injuries do not typically develop at the ultra-distal site during 499 

basic military training. Training decreased trabecular separation (–4.4%) consistent with the 500 

formation of new bone on trabecular surfaces,(14) however, we observed a decrease in trabecular 501 

thickness (–2.1%) and no change in trabecular number. These structural adaptations to 502 

mechanical loading did not lead to improved estimated mechanical strength (failure load) under 503 

compression and suggest cortical adaptations have minimal impact in increasing strength at the 504 

ultra-distal site. The loading also likely caused a number of bone modelling and remodeling 505 
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cellular responses that take longer than the follow-up time in this study to observe structural or 506 

mechanical effects.(48,54) Previous military training studies show decreased trabecular 507 

separation,(14,18–20,27) and increased(14,18–20,27) or unchanged(16) trabecular thickness and number. 508 

The decrease in trabecular number and thickness could be due to endocortical contraction, an 509 

increase in remodelling on the trabecular surfaces, or because adaptations to trabecular 510 

microarchitecture can take longer than 12 weeks.(18) Differences between studies could be 511 

attributed to our use of the first-generation HRpQCT, whereas most previous studies used 512 

higher resolution second-generation HRpQCT.(14,18–20) Although there was no interaction 513 

between the treatment group and time, the effect size for a decrease in trabecular thickness was 514 

three times as large for the vitamin D compared with the placebo group, and vitamin D 515 

supplementation may deteriorate aspects of trabecular microarchitecture due to upregulating 516 

catabolism of 1,25(OH)2D or by stimulating RANKL production from osteoblasts.(44)  517 

 518 

Limitations 519 

We did not correct our analyses for the multiple HRpQCT and metabolic outcomes, and our 520 

data should be interpreted considering the chance of type I error. Our data were generated from 521 

first-generation HRpQCT, which has a lower resolution than a second-generation scanner and 522 

cannot measure more proximal tibia sites. Our study is susceptible to survivor bias, where only 523 

those who completed 12 weeks of training were followed up; however, we have previously 524 

shown that demographic and bone outcomes from DXA and HRpQCT are not different 525 

between those who complete training and those who do not.(16) We were unable to include a 526 

measure of physical activity or exercise completed by recruits in training, which would help 527 

explain some of the adaptive bone formation associated with novel mechanical loading. It is 528 

possible that some participants may have not reached peak bone mass in the appendicular 529 

skeleton or scans were performed in the presence of an unfused or fusing growth plate, 530 



25 
 

however, the minimum age of participants was 18 years and no unfused growth plates were 531 

observed, and age was controlled for in the models in Study 1. Our study did not control for 532 

ethnicity due to the low numbers of non-white individuals and further work is required to better 533 

understand the role of ethnicity in the vitamin D and bone relationship.  Finally, our sample 534 

size was small, and there were likely effects that we could not detect, but these effects would 535 

be small. 536 

 537 

Conclusions 538 

Vitamin D metabolites and vitamin D metabolite ratios were associated with tibial size and 539 

microarchitecture in healthy young men; however, vitamin D supplementation had no impact 540 

on the bone adaptive response to 12 weeks military training.  541 

 542 

Acknowledgements 543 

The authors thank Dr Daniel Kashi, Xin Hui Aw Yong, Mark Ward, Claire Potter, Dr Laurel 544 

Wentz, and Rebecca Knight for their assistance with data collection. Professor Lesley E Rhodes 545 

acknowledges the support of the NIHR Manchester Biomedical Research Centre. 546 

 547 

Author Contributions 548 

JPG conceived the study. JPG, NPW, SJ, and SJO designed the study. DA and LER designed 549 

and provided dosimetry for the ultraviolet radiation and sham ultraviolet radiation exposures. 550 

TJO, SJ, NPW, ATC, SJO, RI, and JPG collected the data. JCYT and WDF analysed the 551 

biochemical samples. TJO produced the manuscript and performed the data analysis. All 552 

authors edited the manuscript and approved the final version. 553 

 554 

References 555 



26 
 

1.  Jones G, Prosser DE, Kaufmann M. Cytochrome P450-mediated metabolism of vitamin 556 

D. J Lipid Res. 2014;55(1):13–31.  557 

2.  Bikle DD. Vitamin D and bone. Curr Osteoporos Rep. 2012;10(2):151–9.  558 

3.  Goltzman D. Functions of vitamin D in bone. Histochem Cell Biol. 2018;149(4):305–12.  559 

4.  DeLuca HF. Overview of general physiologic features and functions of vitamin D. Am J 560 

Clin Nutr. 2004;80(6):1689S-1696S.  561 

5.  Jones G. Pharmacokinetics of vitamin D toxicity. Am J Clin Nutr. 2008;88(2):582S-586S.  562 

6.  Liu ES, LeBoff MS. Editorial: the role of vitamin D metabolites in the evaluation of bone 563 

health: are they physiologically relevant? J Bone Min Res. 2024;39(1):1–2.  564 

7.  Ginsberg C, Blackwell T, Cheng JH, Potok OA, Cauley JA, Ensrud KE, Hsu S, Kado 565 

DM, Orwoll E, Cawthon PM, Ix JH. The vitamin D metabolite ratio is associated with 566 

volumetric bone density in older men. J Clin Endocrinol Metab. 2024;109(2):e513–21.  567 

8.  Morrison NA, Qi JC, Tokita A, Kelly PJ, Crofts L, Nguyen TV, Sambrook PN, Eisman 568 

JA. Prediction of bone density from vitamin D receptor alleles. Nature. 569 

1994;367(6460):284–7.  570 

9.  Gong G, Stern HS, Cheng S-C, Fong N, Mordeson J, Deng H-W, Recker RR. The 571 

association of bone mineral density with vitamin D receptor gene polymorphisms. 572 

Osteoporos Int. 1999;9(1):55–64.  573 

10.  Mencej-Bedrač S, Preželj J, Kocjan T, Teskač K, Ostanek B, Šmelcer M, Marc J. The 574 

combinations of polymorphisms in vitamin D receptor, osteoprotegerin and tumour 575 

necrosis factor superfamily member 11 genes are associated with bone mineral density. J 576 

Mol Endocrinol. 2009;42(3):239–47.  577 

11.  Lombardi G, Ziemann E, Banfi G, Corbetta S. Physical activity-dependent regulation of 578 

parathyroid hormone and calcium-phosphorous metabolism. Int J Mol Sci. 579 

2020;21(15):5388.  580 

12.  Charoenngam N, Shirvani A, Holick MF. Vitamin D for skeletal and non-skeletal health: 581 

what we should know. J Clin Orthop and Trauma. 2019;10(6):1082–93.  582 



27 
 

13.  Hughes JM, Popp KL, Yanovich R, Bouxsein ML, Matheny RW. The role of adaptive 583 

bone formation in the etiology of stress fracture. Exp Biol Med (Maywood). 584 

2017;242(9):897–906.  585 

14.  Hughes JM, Gaffney-Stomberg E, Guerriere KI, Taylor KM, Popp KL, Xu C, 586 

Unnikrishnan G, Staab JS, Matheny RW, McClung JP, Reifman J, Bouxsein ML. 587 

Changes in tibial bone microarchitecture in female recruits in response to 8weeks of U.S. 588 

Army Basic Combat Training. Bone. 2018;113:9–16.  589 

15.  Izard RM, Fraser WD, Negus C, Sale C, Greeves JP. Increased density and periosteal 590 

expansion of the tibia in young adult men following short-term arduous training. Bone. 591 

2016;88:13–9.  592 

16.  O’Leary TJ, Izard RM, Walsh NP, Tang JCY, Fraser WD, Greeves JP. Skeletal macro- 593 

and microstructure adaptations in men undergoing arduous military training. Bone. 594 

2019;125:54–60.  595 

17.  O’Leary TJ, Izard RM, Tang JCY, Fraser WD, Greeves JP. Sex differences in tibial 596 

adaptations to arduous training: An observational cohort study. Bone. 2022;160:116426.  597 

18.  O’Leary TJ, Wardle SL, Gifford RM, Double RL, Reynolds RM, Woods DR, Greeves 598 

JP. Tibial macrostructure and microarchitecture adaptations in women during 44 weeks 599 

of arduous military training. J Bone Miner Res. 2021;36(7):1300–15.  600 

19.  Hughes JM, Taylor KM, Guerriere KI, Smith NI, Staab JS, Walker LA, Staab JE, Bartlett 601 

PM, Spiering BA, Nguyen VT, Proctor SP, Foulis SA, Bouxsein ML, Popp KL. Changes 602 

in distal tibial microarchitecture during eight weeks of U.S. Army basic combat training 603 

differ by sex and race. JBMR Plus. 2023;7(4):e10719.  604 

20.  Guerriere KI, Hussian IM, Bartlett PM, Castellani CM, Walker LA, Taylor KM, Smith 605 

NI, Staab JS, Pasiakos SM, Gaffney-Stomberg E, Popp KL, Bouxsein ML, Fraley AL, 606 

McClung JP, Friedl KE, Proctor SP, Foulis SA, Hughes JM. Minimal impact of age on 607 

adaptive bone formation in the distal tibia of US Army basic combat trainees: the ARMI 608 

study. Exerc Sport Mov. 2024;2(4);e00026. 609 



28 
 

21.  Carswell AT, O’Leary TJ, Swinton P, Jackson S, Tang JC, Oliver SJ, Izard RM, Walsh 610 

NP, Fraser WD, Greeves JP. Vitamin D metabolites are associated with musculoskeletal 611 

injury in young adults: a prospective cohort study. J Bone Min Res. 2023;38(10)1453-64.  612 

22.  Davey T, Lanham-New SA, Shaw AM, Hale B, Cobley R, Berry JL, Roch M, Allsopp 613 

AJ, Fallowfield JL. Low serum 25-hydroxyvitamin D is associated with increased risk of 614 

stress fracture during Royal Marine recruit training. Osteoporos Int. 2016;27(1):171–9.  615 

23.  Chatzipapas C, Boikos S, Drosos GI, Kazakos K, Tripsianis G, Serbis A, Stergiopoulos 616 

S, Tilkeridis C, Verettas D-A, Stratakis CA. Polymorphisms of the vitamin D receptor 617 

gene and stress fractures. Horm Metab Res. 2009;41(08):635–40.  618 

24.  Gaffney-Stomberg E, Lutz LJ, Shcherbina A, Ricke DO, Petrovick M, Cropper TL, Cable 619 

SJ, McClung JP. Association between single gene polymorphisms and bone biomarkers 620 

and response to calcium and vitamin D supplementation in young adults undergoing 621 

military training. J Bone Min Res. 2017;32(3):498–507.  622 

25.  Gaffney-Stomberg E, Lutz LJ, Rood JC, Cable SJ, Pasiakos SM, Young AJ, McClung JP. 623 

Calcium and vitamin D supplementation maintains parathyroid hormone and improves 624 

bone density during initial military training: a randomized, double-blind, placebo 625 

controlled trial. Bone. 2014;68:46–56.  626 

26.  Gaffney-Stomberg E, Nakayama AT, Guerriere KI, Lutz LJ, Walker LA, Staab JS, Scott 627 

JM, Gasier HG, McClung JP. Calcium and vitamin D supplementation and bone health 628 

in Marine recruits: Effect of season. Bone. 2019;123:224–33.  629 

27.  Gaffney-Stomberg E, Hughes JM, Guerriere KI, Staab JS, Cable SJ, Bouxsein ML, 630 

McClung JP. Once daily calcium (1000 mg) and vitamin D (1000 IU) supplementation 631 

during military training prevents increases in biochemical markers of bone resorption but 632 

does not affect tibial microarchitecture in Army recruits. Bone. 2021;155:116269.  633 

28.  Eastman K, O’Leary TJ, Carswell A, Walsh N, Izard R, Fraser W, Greeves J. Distal tibial 634 

bone properties and bone stress injury risk in young men undergoing arduous physical 635 

training. Calcif Tissue Int. 2023;113(3):317-28. 636 



29 
 

29.  Carswell AT, Jackson S, Swinton P, O’Leary TJ, Tang JCY, Oliver SJ, Sale C, Izard RM, 637 

Walsh NP, Fraser WD, Greeves JP. Vitamin D metabolites are associated with physical 638 

performance in young healthy adults. Med Science Exerc. 2022;54(11):1982-89.  639 

30.  Kashi DS, Oliver SJ, Wentz LM, Roberts R, Carswell AT, Tang JCY, Jackson S, Izard 640 

RM, Allan D, Rhodes LE, Fraser WD, Greeves JP, Walsh NP. Vitamin D and the hepatitis 641 

B vaccine response: a prospective cohort study and a randomized, placebo-controlled oral 642 

vitamin D3 and simulated sunlight supplementation trial in healthy adults. Eur J Nutr. 643 

2021;60(1):475–91.  644 

31.  Harrison SE, Oliver SJ, Kashi DS, Carswell AT, Edwards JP, Wentz LM, Roberts R, Tang 645 

JCY, Izard RM, Jackson S, Allan D, Rhodes LE, Fraser WD, Greeves JP, Walsh NP. 646 

Influence of vitamin D supplementation by simulated sunlight or oral D3 on respiratory 647 

infection during military training. Med Sci Sports Exerc. 2021;53(7):1505–16.  648 

32.  Carswell AT, Oliver SJ, Wentz LM, Kashi DS, Roberts R, Tang JCY, Izard RM, Jackson 649 

S, Allan D, Rhodes LE, Fraser WD, Greeves JP, Walsh NP. Influence of vitamin D 650 

supplementation by sunlight or oral D3 on exercise performance. Med Sci Sports Exerc. 651 

2018;50(12):2555–64.  652 

33.  O’Leary TJ, Jackson S, Izard RM, Walsh NP, Carswell AT, Oliver SJ, Tang JCY, Fraser 653 

WD, Greeves JP. Iron status is associated with tibial structure and vitamin D metabolites 654 

in healthy young men. Bone. 2024;186:117145.  655 

34.  O’Leary TJ, Saunders SC, McGuire SJ, Venables MC, Izard RM. Sex differences in 656 

training loads during British Army basic training. Med Sci Sports Exerc. 657 

2018;50(12):2565–74.  658 

35.  O’Leary TJ, Gifford RM, Knight RL, Wright J, Handford S, Venables MC, Reynolds RM, 659 

Woods D, Wardle SL, Greeves JP. Sex differences in energy balance, body composition, 660 

and metabolic and endocrine markers during prolonged arduous military training. Journal 661 

of Applied Physiology. 2024;136(4):938–48.  662 

36.  Whittier DE, Boyd SK, Burghardt AJ, Paccou J, Ghasem-Zadeh A, Chapurlat R, Engelke 663 

K, Bouxsein ML. Guidelines for the assessment of bone density and microarchitecture in 664 



30 
 

vivo using high-resolution peripheral quantitative computed tomography. Osteoporos Int. 665 

2020;31(9):1607–27.  666 

37.  Tang JCY, Jackson S, Walsh NP, Greeves J, Fraser WD, Bioanalytical Facility  team. The 667 

dynamic relationships between the active and catabolic vitamin D metabolites, their 668 

ratios, and associations with PTH. Sci Rep. 2019;9(1):6974.  669 

38.  Dastani Z, Li R, Richards B. Genetic regulation of vitamin D levels. Calcif Tissue Int. 670 

2013;92(2):106–17.  671 

39.  Ghodsi M, Keshtkar AA, Razi F, Mohammad Amoli M, Nasli-Esfahani E, Zarrabi F, 672 

Khashayar P, Khajavi A, Larijani B, Mohajeri-Tehrani MR. Association of vitamin D 673 

receptor gene polymorphism with the occurrence of low bone density, osteopenia, and 674 

osteoporosis in patients with type 2 diabetes. J Diabetes Metab Disord. 2021;20(2):1375–675 

83.  676 

40.  Garrahan M, Gehman S, Rudolph SE, Tenforde AS, Ackerman KE, Popp KL, Bouxsein 677 

ML, Sahni S. Serum 25-hydroxyvitamin D is associated with bone microarchitecture and 678 

strength in a multiracial cohort of young adults. J Clin Endocrinol Metabol. 679 

2022;107(9):e3679–88.  680 

41.  Boyd SK, Burt LA, Sevick LK, Hanley DA. The relationship between serum 25(OH)D 681 

and bone density and microarchitecture as measured by HR-pQCT. Osteoporos Int. 682 

2015;26(9):2375–80.  683 

42.  Sundh D, Mellström D, Ljunggren Ö, Karlsson MK, Ohlsson C, Nilsson M, Nilsson AG, 684 

Lorentzon M. Low serum vitamin D is associated with higher cortical porosity in elderly 685 

men. J Intern Med. 2016;280(5):496–508.  686 

43.  Bobillier A, Wagner P, Whittier DE, Ecochard R, Boyd SK, Chapurlat R, Szulc P. 687 

Association of vitamin D and parathyroid hormone status with the aging-related decline 688 

of bone microarchitecture in older men: the prospective Structure of Aging Men’s Bones 689 

(STRAMBO) Study. J Bone Min Res. 2020;37(10):1903–14.  690 

44.  Heyer FL, De Jong JJ, Willems PC, Arts JJ, Bours SGP, Van Kuijk SMJ, Bons JAP, Poeze 691 

M, Geusens PP, Van Rietbergen B, Van Den Bergh JP. The effect of bolus vitamin D3 692 



31 
 

supplementation on distal radius fracture healing: a randomized controlled trial using HR-693 

pQCT. J Bone Min Res. 2020;36(8):1492–501.  694 

45.  Bislev LS, Langagergaard Rødbro L, Rolighed L, Sikjaer T, Rejnmark L. Bone 695 

microstructure in response to vitamin D3 supplementation: a randomized placebo-696 

controlled trial. Calcif Tissue Int. 2019;104(2):160–70.  697 

46.  Burt LA, Billington EO, Rose MS, Raymond DA, Hanley DA, Boyd SK. Effect of high-698 

dose vitamin D supplementation on volumetric bone density and bone strength: a 699 

randomized clinical trial. JAMA. 2019;322(8):736.  700 

47.  Burt LA, Kaufmann M, Rose MS, Jones G, Billington EO, Boyd SK, Hanley DA. 701 

Measurements of the vitamin D metabolome in the Calgary vitamin D study: relationship 702 

of vitamin D metabolites to bone loss. J Bone Min Res. 2023;38(9):1312–21.  703 

48.  Hughes JM, Castellani CM, Popp KL, Guerriere KI, Matheny RW, Nindl BC, Bouxsein 704 

ML. The central role of osteocytes in the four adaptive pathways of bone’s mechanostat. 705 

Exerc Sport Sci Rev. 2020;48(3):140–8.  706 

49.  Allen MR, Hock JM, Burr DB. Periosteum: biology, regulation, and response to 707 

osteoporosis therapies. Bone. 2004;35(5):1003–12.  708 

50.  Gardiner EM, Baldock PA, Thomas GP, Sims NA, Henderson NK, Hollis B, White CP, 709 

Sunn KL, Morrison NA, Walsh WR, Eisman JA. Increased formation and decreased 710 

resorption of bone in mice with elevated vitamin D receptor in mature cells of the 711 

osteoblastic lineage. FASEB J. 2000;14(13):1908–16.  712 

51.  Stolina M, Dwyer D, Niu Q-T, Villasenor KS, Kurimoto P, Grisanti M, Han C-Y, Liu M, 713 

Li X, Ominsky MS, Ke HZ, Kostenuik PJ. Temporal changes in systemic and local 714 

expression of bone turnover markers during six months of sclerostin antibody 715 

administration to ovariectomized rats. Bone. 2014;67:305–13.  716 

52.  Orwoll ES. Toward an expanded understanding of the role of the periosteum in skeletal 717 

health. J Bone Min Res. 2003;18(6):949–54.  718 



32 
 

53.  Yan C, Bice RJ, Frame JW, Warden SJ, Kersh ME. Multidirectional basketball activities 719 

load different regions of the tibia: A subject-specific muscle-driven finite element study. 720 

Bone. 2022;159:116392.  721 

54.  Hughes JM, O’Leary TJ, Koltun KJ, Greeves JP. Promoting adaptive bone formation to 722 

prevent stress fractures in military personnel. Eur J Sport Sci. 2022;22(1):4-15.  723 

724 



33 
 

Table 1. Participant demographics. 725 

 
Mean ± SD 

 (n = 343) 

Age (years) 22 ± 3 

Body Mass (kg) 75.5 ± 10.1 

Height (m) 1.77 ± 0.06 

Body Mass Index (kg∙m-2) 24.0 ± 2.7 

Exercise Volume (mins∙week-1) 538 ± 619 

Fat Mass (kg) 14.3 ± 5.6 

Lean Mass (kg) 57.3 ± 6.4 

Whole-body aBMD (g∙cm-2) 1.23 ± 0.11 

Total 25(OH)D (nmol∙L-1) 60.6 ± 29.2 

Vitamin D Deficient (total 25(OH)D <30 nmol∙L-1) (%) 17 

Vitamin D Insufficient (total 25(OH)D 30 to 49 nmol∙L-1) (%) 23 

1,25(OH)2D (pmol∙L-1) 129 ± 34 

Total 24,25(OH)2D (nmol∙L-1) 4.94 ± 3.06 

VMR 1 14.0 ± 5.0 

VMR 2 39.6 ± 31.0 

Total Area (mm-2) 846 ± 142 

Total vBMD (mg HA∙cm-3) 347 ± 48 

Trabecular Area (mm-2) 699 ± 145 

Trabecular vBMD (mg HA∙cm-3) 229 ± 31 

Trabecular Volume (%) 19.0 ± 2.6 

Trabecular Number (1∙mm-1) 2.19 ± 0.30 

Trabecular Thickness (µm) 88 ± 12 

Trabecular Separation (µm) 378 ± 63 

Cortical Area (mm-2) 139 ± 20 

Cortical vBMD (mg HA∙cm-3) 887 ± 38 

Cortical Perimeter (mm) 114 ± 9 

Cortical Porosity (%) 4.80 ± 1.61 

Cortical Thickness (mm) 1.32 ± 0.24 

Stiffness (kN∙mm-1) 281 ± 42 

Failure Load (kN) 14.08 ± 2.03 
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Mean ± SD 

 (n = 343) 

1,25(OH)2D, 1,25-dihydroxyvitamin D; aBMD, areal bone mineral density; Total 25(OH)D, total 25-

hydroxyvitamin D; Total 24,25(OH)2D, total 24,25-dihydroxyvitamin D; vBMD, volumetric bone mineral 

density; VMR 1, 25(OH)D:24,25(OH)2D; VMR 2, 1,25(OH)2D:24,25(OH)2D. 

 

Missing data: Total Area = 3, Total vBMD = 3, Trabecular Area = 3, Trabecular vBMD = 3, Trabecular Volume 

= 3, Trabecular Number = 3, Trabecular Thickness = 3, Trabecular Separation = 3, Cortical Area = 16, Cortical 

vBMD = 16, Cortical Perimeter = 17, Cortical Porosity = 16, Cortical Thickness = 16, Stiffness = 12, Failure 

Load = 12. 
726 
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Table 2. Demographics at week 1 in the placebo and vitamin D groups. Data are mean ± SD 727 

or %. 728 

 Placebo Vitamin D 

 (n = 98) (n = 96) 

Age (years) 21 ± 3 21 ± 3 

Body Mass (kg) 78.2 ± 10.8 76.5 ± 11.0 

Body Mass Index (kg∙m-2) 24.7 ± 2.8 24.4 ± 3.2 

Lean Mass (kg) 57.5 ± 6.2 56.0 ± 7.3 

Fat Mass (kg) 17.8 ± 5.9 17.4 ± 5.6 

Body Fat (%) 21.4 ± 5.7 21.6 ± 5.1 

Vitamin D Status (%)   

     Deficient (total 25(OH)D <30 nmol∙L-1) 34 32 

     Insufficient (total 25(OH)D 30 to 49 nmol∙L-1) 44 44 

Missing data: Age = 1 Placebo; Body Mass = 1 Vitamin D, 2 Placebo; Height = 1 Vitamin D, 2 Placebo; Lean 

Mass, Fat Mass, and Body Fat = 44 Vitamin D, 45 Placebo. 

729 
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Table 3. Changes in tibial density, geometry, and microarchitecture in response to 12 weeks 730 

basic military training in men supplemented with placebo or vitamin D. Data are mean ± SD, 731 

mean absolute unadjusted differences, and paired Hedges’ g. 732 

 Placebo (n = 33)  Vitamin D (n = 40) 

 
Week 

1 

Week 

12 

Mean 

Difference 

[95% CI] 

Hedges' 

g 

 
Week 

1 

Week 

12 

Mean 

Difference 

[95% CI] 

Hedges’ 

g 

Total vBMD 

(mgHA∙cm-3) 

347 ± 

45 

347 ± 

42 

0 [–6, 5] –0.02  359 ± 

47 

359 ± 

46 

0 [–3, 3] 0.00 

Trabecular 

vBMD 

(mgHA∙cm-3) 

229 ± 

29 

232 ± 

45 

3 [–9, 15] 0.08  235 ± 

25 

233 ± 

32 

–2 [–10, 6] –0.08 

Trabecular Area 

(mm-2) 

689 ± 

130 

687 ± 

129a 

–1 [–2, 0] –0.47  672 ± 

139 

672 ± 

139a 

0 [–1, 1] –0.11 

Trabecular 

Volume (%) 

19.0 

± 2.3 

18.9 

± 2.2 

–0.1 [–0.3, 

0.1] 

–0.20  19.7 

± 2.1 

19.7 

± 2.2 

0.0 [–0.2, 0.2] 0.01 

Trabecular 

Number (1∙mm) 

2.21 

± 

0.28 

2.23 

± 

0.26 

0.01 [–0.07, 

0.10] 

0.06  2.27 

± 

0.29 

2.35 

± 

0.28 

0.08 [0.00, 

0.15] 

0.33 

Trabecular 

Thickness (µm) 

87 ± 

13 

85 ± 

11a 

–1 [–4, 2] –0.13  87 ± 

12 

84 ± 

12a 

–3 [–6, 0] –0.35 

Trabecular 

Separation (µm) 

372 ± 

52 

360 ± 

76a 

–12 [–36, 11] –0.19  354 ± 

63 

330 ± 

69a 

–24 [–44, –4] –0.37 

Cortical vBMD 

(mgHA∙cm-3) 

895 ± 

33 

892 ± 

26 

0 [–6, 6] 0.00  899 ± 

43 

901 ± 

41 

–2 [–7, 3] –0.14 

Cortical Area 

(mm-2) 

147 ± 

24 

149 ± 

24a 

2 [0, 3] 0.46  146 ± 

25 

146 ± 

25a 

1 [–1, 2] 0.16 

Cortical 

Thickness (mm-

1)a 

1.30 

± 

0.22 

1.31 

± 

0.21a 

0.02 [0.00, 

0.03] 

0.44  1.31 

± 

0.27 

1.31 

± 

0.26a 

0.00 [–0.01, 

0.01] 

0.03 

Cortical Porosity 

(%) 

4.69 

± 

1.24 

4.49 

± 

1.39 

–0.15 [–0.53, 

0.23] 

–0.15  4.57 

± 

1.46 

4.70 

± 

1.46 

0.11 [–0.09, 

0.30] 

0.20 

Stiffness 

(kN∙mm-1) 

274 ± 

42 

274 ± 

39 

1 [–5, 7] 0.07  277 ± 

38 

273 ± 

40 

–3 [–8, 2] –0.21 

Failure Load 

(kN) 

13.76 

± 

2.01 

13.74 

± 

1.93 

0.06 [–0.17, 

0.28] 

0.10  13.89 

± 

1.86 

13.74 

± 

1.89 

–0.11 [–0.30, 

0.07] 

-0.20 

ap < 0.05 vs week 1 (main effects of time, both groups pooled). 733 

vBMD, volumetric bone mineral density.734 
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Figure 1. Associations between serum total 25‐hydroxyvitamin D (25(OH)D) and tibial trabecular and cortical volumetric bone mineral density, geometry, and 736 

microarchitecture generated by generalized additive models controlling for age, height, lean mass, fat mass, exercise volume, and smoking. Blue shaded areas 737 

represent 95% CIs. 738 
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Figure 2. Associations between serum 1,25-dihydroxyvitamin D (1,25(OH)2D) and tibial trabecular and cortical volumetric bone mineral density, geometry, and 740 

microarchitecture generated by generalized additive models controlling for age, height, lean mass, fat mass, exercise volume, and smoking. Blue shaded lines 741 

represent 95% CIs. 742 
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Figure 3. Associations between serum total 24,25-dihydroxyvitamin D (24,25(OH)2D) and tibial trabecular and cortical volumetric bone mineral density, 744 

geometry, and microarchitecture generated by generalized additive models controlling for age, height, lean mass, fat mass, exercise volume, and smoking. Blue 745 

shaded lines represent 95% CIs. 746 
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 747 

Figure 4. Participant flow through Study 2. 748 
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 749 

Figure 5. Circulating vitamin D metabolites and markers of bone metabolism in response to 12 weeks of 750 

military training in men supplemented with placebo or vitamin D. Data are mean  SD.  751 

ap < 0.05 vs week 1 (post-hoc within group); bp < 0.05 vs week 5 (post-hoc within group); cp < 0.05 vs week 1 (main effects of time, 752 

both groups pooled); dp < 0.05 vs week 5 (main effects of time, both groups pooled); ep<0.05 vs placebo at the same time-point.  753 
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Supplementary Figure 1. Associations between VMR 1 (25(OH)D:24,25(OH)2D) and tibial trabecular and cortical volumetric bone mineral density, geometry, 755 

and microarchitecture generated by generalized additive models controlling for age, height, lean mass, fat mass, exercise volume, and smoking. Blue shaded lines 756 

represent 95% CIs. 757 
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Supplementary Figure 2. Associations between VMR 2 (1,25(OH)2D:24,25(OH)2D) and tibial trabecular and cortical volumetric bone mineral density, 759 

geometry, and microarchitecture generated by generalized additive models controlling for age, height, lean mass, fat mass, exercise volume, and smoking. Blue 760 

shaded lines represent 95% CIs. 761 
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 762 

Supplementary Figure 3. Circulating vitamin D metabolite ratios in response to 12 weeks military training 763 

in men supplemented with placebo or vitamin D. Data are mean  SD.  764 

ap < 0.05 vs week 1 (post-hoc within group); bp < 0.05 vs week 5 (post-hoc within group); cp<0.05 vs placebo at the same time-765 

point. 766 
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 767 

Supplementary Figure 4. Whole-body and regional areal bone mineral density in response to 12 weeks 768 

military training in men supplemented with placebo or vitamin D. 769 

ap < 0.05 vs week 1 (main effects of time, both groups pooled). 770 


