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Abstract
Vitamin D dysregulation can occur in people living with HIV, disrupting calcium homeostasis and bone turnover. We aimed to investigate the potential mechanisms by which vitamin D regulates bone turnover in adolescents living with perinatally-acquired HIV (ALWH) in southern Africa. A pre-planned secondary analysis was performed of baseline data from the VITALITY trial [PACTR20200989766029] which enrolled ALWH (11-19 years) taking antiretroviral therapy for ≥6 months, and recorded socio-demographic, clinical and dietary data. After over-night fasting, vitamin D metabolites [25(OH)D, 1,25(OH)2D, 24,25(OH)2D], intact parathyroid hormone (PTH) and bone turnover markers (BTMs) [CTX and P1NP] were measured. Tandem Mass Spectrometry measured vitamin D metabolites, whilst intact PTH and BTMs were analysed by electrochemiluminescence immunoassay. Stratified by 25(OH)D [<75 vs ≥75nmol/L], associations between standardized concentrations (β=standard deviations) of vitamin D metabolites, intact PTH and BTMs were assessed using structural equations modelling (SEM) adjusted for age, sex and country (Zimbabwe/Zambia). Among the 842 ALWH enrolled, the median dietary calcium intake was 100 mg [IQR:55-145]. The SEM showed PTH was positively associated [β 0.21, 95%CI: 0.1,0.32] with 1,25(OH)2D, only when 25(OH)D was <75nmol/L vs ≥75nmol/L [β 0.23, 95%CI: -0.13,0.59], with evidence of an interaction [β -0.11, 95%CI: -0.20,-0.02]. A positive relationship between 25(OH)D and 24,25(OH)2D was seen irrespective of 25(OH)D concentration. 24,25(OH)2D was inversely related to BTMs, particularly when 25(OH)D was <75nmol/L [CTX: β -0.15, 95%CI: -0.24,-0.06, and P1NP: β -0.14, 95%CI: -0.22,-0.06]. There was interaction between dietary calcium and 25(OH)D on PTH [β -0.15, 95% CI: -0.22,-0.07] suggesting an interaction between low 25(OH)D and low dietary calcium which increases PTH. In conclusion, associations between 25(OH)D, PTH, 1,25(OH)2D and BTMs in ALWH appear dependent upon 25(OH)D concentrations <75nmol/L and calcium intake. A novel, potentially causal pathway between 25(OH)D, 24,25(OH)2D and BTMs was seen. Findings enhance understanding of vitamin D metabolism in people living with HIV.

Lay summary
Vitamin D plays an important role in regulating calcium and supporting bone health particularly during puberty when the body needs extra nutrients to support rapid growth. However, many people living with HIV often have low vitamin D, which may be because HIV disrupts how the body processes vitamin D, or because of certain HIV treatments like tenofovir-disoproxil-fumarate, or, in Africa people have low calcium diets. We researched adolescents, age 11 to 19 years, living with HIV in Zimbabwe and Zambia, with low calcium diets. We investigated how important hormones control vitamin D and how this relates to bone activity,  and growth. The findings suggest adolescents living with HIV need higher levels of vitamin D than has traditionally been thought. Our research also discovered a new link between a vitamin D breakdown product [called 24,25(OH)2D], and suggests this might play its own role influencing bone activity and development. These findings provide new understanding of vitamin D and its actions in people living with HIV in Africa. In addition the study findings might inform vitamin D supplementation programs in adolescents living with HIV to target achieving higher vitamin D levels to see improvements in bone health

Introduction

Globally, more than 60% of children and adolescents (age 19 years) living with human immunodeficiency virus (HIV) infection are resident in East and Southern Africa (1). In these low-resource settings, HIV infection is known to be associated with stunting, wasting and low bone mineral density, affecting up to 50% of adolescents (2). This poor growth and bone health is in part attributed to HIV-related vitamin D insufficiency, chronic inflammation, effects of antiretroviral therapy (ART), and nutritional deficiencies (2,3). 

Vitamin D plays a pivotal role in maintaining skeletal health through regulation of calcium homeostasis and bone metabolism (4) and hence growth in childhood and adolescence (5). Most vitamin D is formed after exposure to sunlight; 7-dehydrocholesterol in the skin absorbs UV-B radiation to produce vitamin D3 (6). Vitamin D undergoes hepatic hydroxylation (by 25-hydroxylase: CYP2R1) to form 25-hydroxyvitamin D [25(OH)D] in the liver, the commonly indicator of vitamin D status (7). For its well-recognized role in maintaining calcium and phosphate homeostasis (8), 25(OH)D subsequently undergoes renal hydroxylation (by 1α-hydroxylase: CYP27B1) to form the biologically active metabolite, 1,25-dihydroxyvitamin D [1,25(OH)2D]. Parathyroid hormone (PTH) promotes this renal conversion of 25(OH)D to 1,25(OH)2D. In this pathway, calcium absorption, promoted by vitamin D, feeds back to suppress PTH production by the parathyroid glands (9). In the kidneys, the enzyme 25OHD-24 hydroxylase (CYP24A1) catabolises 25(OH)D into 24,25(OH)2D, often considered an inactive excretory product of the vitamin D pathway, although some evidence suggests it inhibits PTH-stimulated osteoclast formation and bone resorption (10). 

Vitamin D metabolism in people living with HIV is incompletely understood, given the convergence of several factors. Firstly, HIV-driven dysregulated systemic immune activation can lead to increased production of proinflammatory cytokines (e.g., TNF-α and IFN-γ) that inhibit enzymatic conversion of 25(OH)D to 1,25(OH)2D (11). Secondly, given that ART coverage in children remains suboptimal (57% in 2022 compared to 83% in adults), many children with HIV do not start ART until later childhood  (12); it is unclear how inadequate HIV treatment affects vitamin D metabolism and skeletal development. Thirdly, tenofovir disoproxil fumarate (TDF), part of the first-line regimen to treat HIV, is associated with 2-6% bone mineral density (BMD) loss within the first 1-2 years of therapy among adults, thought to be due to renal phosphate wasting, potentially disturbing calcium and phosphate homeostasis (13). Furthermore, efavirenz, and lopinavir/ritonavir are known to induce 24-hydroxylase, predisposing individuals to vitamin D deficiency (5). Fourthly, it is important to note that most of the global HIV population resides in Africa, where low dietary calcium intakes are the norm (mean dietary intakes often are less than 400mg/day, less than half the dietary recommended amount elsewhere in the world) (14). Furthermore, poor health status associated with HIV may result in reduced outdoor activity and limited sun exposure, further exacerbating vitamin D deficiency.

This study aimed to understand the potential mechanism by which vitamin D metabolism regulates bone turnover in adolescents with perinatally-acquired HIV (ALWH) in Southern Africa.

Methods

Study design, setting and population
A pre-planned cross-sectional study was nested within a phase III individually randomised, double-blinded, placebo-controlled trial of vitamin D3/calcium carbonate or placebo [Vitamin D for adolescents with HIV to reduce musculoskeletal morbidity and immunopathology (VITALITY): Pan African Clinical Trials Registry PACTR20200989766029]  (15,16). The trial enrolled ALWH (age 11-19 years) recruited from public sector HIV clinics in Harare, Zimbabwe and Lusaka, Zambia between February  and November 2021; both settings have similar latitude suggesting comparable sunlight exposure (15). The inclusion criteria were perinatally-acquired HIV, taking antiretroviral therapy (ART) for at least six months, and willing to give blood samples. Exclusion criteria included: being acutely unwell, taking tuberculosis treatment, being pregnant or breastfeeding and a history of thyrotoxicosis, chronic renal disease, hypercalcemia, phosphate metabolism disorder or osteomalacia. Baseline data were used for this analysis. 
Data collection
An interviewer-administered questionnaire, pre-programmed using Open Data Kit onto electronic tablets, was used to collect socio-demographic [age, sex and socio-economic (SES) status], clinical [HIV viral load and ART regimen], and dietary calcium and vitamin D intakes. SES quintiles were derived from a principal component analysis of the participant’s household assets (17). In addition, dietary calcium and vitamin D intakes were assessed using a dietary diversity questionnaire based on that of the Food and Agriculture Organization of the United Nations (FAO) questionnaire adapted to Zimbabwe and Zambia, and focussing on foods rich in calcium or vitamin D (legumes, dairy, eggs, meat/poultry, fish) (18). Using the FAO food composition tables, dietary vitamin D and calcium intakes were intake was estimated based on the frequency of consumption and portion size (19,20) (Supplemental Table 1). Participants underwent height and weight assessments in triplicate with the median used, and Tanner pubertal staging was based on testes and breast sizes and pubic hair development (21). Anthropometric measurement Z-scores were calculated using UK reference data in the STATA zanthro module (in order to align with the bone reference data which was sampled from a UK population) (22); stunting and  underweight were classified as height and weight for age Z-score <-2 respectively (23).  
Blood tests and analysis
Blood samples were collected in EDTA tubes from which HIV viral load, vitamin D metabolites and BTMs were tested. Samples were collected, transferred in a cool box to the laboratory, where they were processed and frozen to -80oC within 4-6 hours of sample collection. HIV viral load was measured using Qiagen rotor gene Q, Hologic Panther, or GeneXpert machines in Zambia and the Roche COBAS Ampliprep/COBAS Taqman48 in Zimbabwe. The cut-off value of 60 copies/ml, used to classify HIV viral load suppression, was determined based on the limit of detection of the Qiagen rotor gene Q.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The 25(OH)D, 1,25(OH)2D, 24,25(OH)2D, intact PTH and bone turnover marker (CTX and P1NP) concentrations were analysed at the Bioanalytical Facility, University of East Anglia (Norwich, UK). Liquid chromatography Tandem Mass Spectrometry (LC-MS/MS) methods were used for 25(OH)D, 1,25(OH)2D and 24,25(OH)2D as previously described (10,24). The 25(OH)D3 and 25(OH)D2 assays were calibrated using the National Institute of Science and Technology (NIST) standard reference material SRM972a. Inter-assay coefficients of variation (CV) were <8.4% across the assay working range of 0.1 to 200.0 nmol/L. 1,25(OH)2D3, 1,25(OH)2D2, 24,25(OH)2D3 and 24,25(OH)2D2 were analysed by LC-MS/MS following immunoaffinity sample pre-treatment and derivatisation. The assays were calibrated using certified pure internal standards (Cerilliant, LGC). Inter-assay CVs were <9.8% across the assay working range of 20.0 to 800.0 pmol/L. All vitamin D metabolite assays met the requirements specified by vitamin D external quality assessment (DEQAS) scheme (http://www.deqas.org/; accessed on 30th Oct 2023). The 25(OH)D3 and 25(OH)D2 assays showed <6% accuracy bias against the Centre for Disease Control and Prevention (CDC) reference measurement (RMP) target values on the DEQAS scheme. Intact PTH was analysed by electrochemiluminescence immunoassay (ECLIA) on the COBAS (Roche Diagnostics, Mannheim, Germany) platform. The inter-assay CV was ≤ 3.8% across the analytical range of 0.1-530.0 pmoL. 
Bone formation and resorption were measured by P1NP and CTX respectively. P1NP reference values were 20-76 µg/L and 30-78 µg/L for males and females respectively. CTX reference values by sex and age were (i) males: 11-13 years, 0.23-1.24 μg/L; 14-17 years 0.24-1.73 μg/L; 17-19 years 0.10-0.79 μg/L, (ii) females: 11-13 years, 0.33-1.7 μg/L; 14-19 years, 0.1-0.5 μg/L. 
A further 4mls of blood was collected for serum quantification of creatinine, calcium and phosphate. Creatinine clearance was calculated using the Cockcroft-Gault formula (25), adjusting for body surface area (26), as recommended this in context (27).
Dual-energy X-ray absorptiometry (DXA)
DXA scans were performed by trained radiographers using a Hologic QDR Wi densitometer (Hologic Inc., Bedford, MA, USA) with Apex software version 4.5 for scan analysis in Zambia and a Lunar iDXA (General Electric Healthcare, Waltham, MA) software version 17 densitometer in Zimbabwe. Daily quality control calibrations were conducted using manufacturer phantoms. DXA scans, taken of the total body and lumbar spine (L1-L4), were repeated in a subgroup (n=60 in each country) to determine reproducibility of BMD measurements. In Zambia the precision error was a root mean square-standard deviation (RMS-SD) of 0.023 g/cm2 (lumbar spine [LS]) and 0.012 g/cm2 (total body less head [TBLH]) with an RMS-coefficient of variation (CV) of 1.51% (LS) and 1.06% (TBLH), in Zimbabwe RMS-SD 0.021 g/cm2 at LS, 0.013 g/cm2 at TBLH, with RMS-CV 1.40% at LS and 0.89% at TBLH. A further cross-calibration with the European Spine phantom was scanned on both DXA machines every 6 months throughout data collection and confirmed no drift in measurement over the 2 study years (28,29). DXA also provides measures for fat and lean tissue mass, with lean mass by DXA a measure of muscle mass. An important limitation of DXA use in children is that two-dimensional (areal) bone density values are highly dependent upon body, and hence bone size so that DXA underestimates bone density in small children (22). Therefore size-adjustment was used, specifically (i) TBLH Bone Mineral Density (BMD) adjusted for height (TBLH-BMDHT) and (ii) lumbar spine bone mineral apparent density (LS-BMAD) calculated using the Carter method (30). Then, sex and age-matched Z-scores were generated using UK population reference data (17), in the absence of local reference data and to ensure compatibility between DXA software and manufacturer (30).

Ethical considerations
In line with the Declaration of Helsinki, written informed consent was obtained from guardians with written assent from participants aged <18 years. Participants aged 18 years or older and emancipated minors (those aged below 18 years who are married or have children) provided independent consent (31). The study was approved by the Biomedical Research and Training Institute Institutional Review Board (reference AP158/2020), the Harare Central Hospital Ethics committee (reference HCHEC 030320/12), the Medical Research Council of Zimbabwe (reference A/2626), the University of Zambia Biomedical Research Ethics Committee (reference 1116-2020) and the London School of Hygiene and Tropical Medicine Ethics Committee (reference 22030). 
Statistical analysis
Data were cleaned, checked and analysed using Stata 17 (Stata Corp, College Station, TX) (32). All quantitative variables were summarised using the mean ± standard deviation (SD) if normally distributed, or otherwise as median with an interquartile range (IQR). Categorical variables were summarised as frequencies with percentages. Monthly variation in 25(OH)D concentrations over the data collection period by country was investigated using box (median and IQR) plots.
Assessment of effects between observed standardized vitamin D metabolites (25(OH)D, 1,25(OH)2D, 24,25(OH)2D), PTH, P1NP and CTX was performed using structural equations (path) modelling (SEM) with robust standard errors (33). Through model specification, this allowed testing of the hypothesized multiple biological pathways, including feedback loops, in the context of HIV.
The SEMs were stratified by 25(OH)D concentration [<75nmol/L vs 75nmol/L] to account for unique relationships between observed standardized vitamin D metabolites, PTH, P1NP and CTX in circumstances when PTH is either suppressed [25(OH)D 5nmol/L] or not [25(OH)D <75nmol/L] in this population (Madanhire et al. manuscript conditionally accepted 2024: British Journal of Nutrition). The SEM analyses further evaluated the interaction of dietary calcium and 25(OH)D on PTH and the vitamin D feedback loop (9). All SEM path models were adjusted a priori for sex, age and country. Positive coefficients represent positive relationships between variables whilst negative values indicate inverse associations. The SEM fit was evaluated using the standardized root mean square residual (SRMR) (34), thus allowing assessment of the average magnitude of the discrepancies between observed and expected correlations as an absolute measure of model fit, with values <0.1 considered acceptably good fit (33).
In sensitivity analyses, all SEMs were further adjusted for creatinine clearance levels. Secondly, standalone multivariable linear regression models with robust standard errors were considered: (i) the interaction between PTH and 25(OH)D on 1,25(OH)2D; the associations between both 1,25(OH)2D and PTH and (ii) CTX, and (iii) P1NP; (iv) the association between 25(OH)D and 1,25(OH)2D; the associations between 24,25(OH)2D and (vi) CTX and (v) P1NP. Thirdly, SEMs adjusted for sex, age and country were re-run stratified by 25(OH)D concentration <50nmol/L vs 50nmol/L.
Results
Participant characteristics
In total, 842 adolescents aged 11-19 years were enrolled; 448 were female (53.2%) and median age was 15.5 (IQR: 13.2-17.9) years. Most (n=660; 78.3%) reported dairy consumption not more than twice a week, such that 639 (75.9%) reported consuming less than 150mg calcium a day, particularly those living in Zambia (Table 1). Most were in the later stages of puberty, with 207 (24.6%) in Tanner stage IV and 261 (31.1%) in stage V. Overall, 30% were stunted (height for age Z-score <-2) and the same proportion underweight (weight for age Z-score < -2). A fifth (n=164; 19.5%) of those enrolled had an unsuppressed viral load ≥60 copies/ml and 81.7% (n=688) were taking tenofovir disoproxil fumarate (TDF). The median serum creatinine clearance was 108.3 [IQR: 91.9, 139.7] mL/min; 10% of participants had creatinine clearance of either <75mL/min or <85mL/min in female and male participants respectively. The median phosphate concentration was 1.12 [IQR: 0.99-1.28] mmol/L; no participant had an abnormal phosphate, and the median calcium concentration was 9.4 [IQR: 9.0, 9.7] and again no participant had an abnormal phosphate.
Vitamin D metabolites, PTH and bone turnover markers
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Mean 25(OH)D was 66.1 (SD:16.5) nmol/L and was lower in Zambian compared to Zimbabwean children (Table 1). Overall, 75.6% had 25(OH)D <75nmol/L and again, this was more common in Zambian (87.4%) than in Zimbabwean (64.0%) children. No evidence of seasonal variation in 25(OH)D concentrations by country was seen (Supplemental Figure 1); dietary vitamin D intake was lower in Zambian children (Table 1). In all participants, the mean concentrations of 1,25(OH)2D and 24,25(OH)2D were 211 (SD: 70) pmol/L and 4.1 (SD: 1.6) nmol/L respectively, these were again lower in Zambian children. However, the median PTH was similar between the two countries. No participant had a low CTX or P1NP concentration, whilst 18.2% and 2% had normal concentrations for age respectively. The mean height Z-score was 1.65 (SD: 0.23); this was higher in Zimbabweans than Zambians. In addition, the mean LS BMAD Z-score was 0.82 (SD:0.19) and again this was higher in Zimbabweans than Zambians.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Associations between 25(OH)D, 1,25(OH)2D, 24,25(OH)2D, PTH and bone formation (PINP)
The SEM showed that PTH was positively associated with 1,25(OH)2D when 25(OH)D was <75nmol/L  but not when 25(OH)D was 75nmol/L, with clear evidence of an interaction between PTH and 25(OH)D on 1,25(OH)2D (Figure 1 and Supplemental Table 2). Specifically, when 25(OH)D was <75nmol/L, increasing PTH concentrations resulted in a negative association between 25(OH)D and 1,25(OH)2D (β: -0.11, [95% CI: -0.20, -0.02]). Among participants with 25(OH)D75nmol/L, no clear association between PTH and P1NP was identified. Furthermore, the SEM showed a positive relationship between 1,25(OH)2D and the bone formation marker P1NP, with a stronger association in participants with 25(OH)D <75nmol/L than in those with 25(OH)D75nmol/L. A strong positive association was seen between 25(OH)D and 24,25(OH)2D irrespective of 25(OH)D concentration. In addition, a direct path was evident in all participants, showing a negative association between 24,25(OH)2D and P1NP, with the path coefficient stronger for those with 25(OH)D < 75nmol/L. 
Associations between 25(OH)D, 1,25(OH)2D, 24,25(OH)2D, PTH and bone resorption (CTX)
As seen earlier with P1NP, an interaction effect was evident between PTH and 25(OH)D on 1,25(OH)2D (Figure 2 and Supplemental Table 2). PTH was positively associated with CTX (β: 0.15 [95% CI:0.08, 0.22]) when serum 25(OH)D was <75nmol/L, with a negative association between 24,25(OH)2D and CTX observed in all participants (Supplemental Table 3). 
Anabolic feedback loop between 25(OH)D, 1,25(OH)2D and PTH
The anabolic feedback loop (Figure 3 and Supplemental Table 4 ) in the SEM identified evidence of an interaction between PTH and 1,25(OH)2D on 25(OH)D (β: -0.08, [95% CI:-0.11, -0.05]), when 25(OH)D was <75nmol/L, suggesting the association between PTH and 1,25(OH)2D weakens at higher 25(OH)D concentrations. 
Interaction between dietary calcium and 25(OH)D on PTH
The SEM for dietary calcium, 25(OH)D and PTH (Figure 4 and Supplemental Table 5) showed evidence of an interaction between dietary calcium and 25(OH)D on PTH (this is further visualised in Supplemental Figure 3), suggesting the association between 25(OH)D and PTH weakens (β: -0.15 SD [95% CI: -0.22, -0.07] when dietary calcium intake is above 150mg/day.

In the sensitivity analyses, SEMs adjusted for creatinine clearance showed consistent findings with the main analyses Supplemental Table 6). Secondly, linear regression models generated results consistent with the SEMs, though with relatively lower coefficients of determination (Supplemental Figure 3). SEMs stratified by 25(OH)D concentration [25(OH)D<50nmol/L (n=117) vs ≥50nmol/L (n=725)] showed different findings; the expected association between PTH and 1,25(OH)2D among those with lower vitamin D [25(OH)D < 50nmol/L) is lost and now only evident among participants with 25(OH)D  50nmol/L. In addition, the positive relationships between PTH and both P1NP and CTX observed in  adolescents with 25(OH)D < 75nmol/L is now only seen in those 25(OH)D≥50 nmol/L (Supplemental Table 7).
In the SEMs, relationships between vitamin D metabolites, dietary calcium, PTH and P1NP/CTX (stratified by 25(OH)D concentration, <75nmol/L vs 75nmol/L), showed low SRMR of 0.071 (Figure 1), 0.07 (Figure  2), 0.01 (Figure 3) and 0.066 (Figure 4) indicating good model fit. 

Discussion
In this study we have confirmed vitamin D metabolic pathways including the role of PTH in regulating 25(OH)D hydroxylation to 1,25(OH)2D, with stronger associations observed when 25(OH)D is <75nmol/L. As expected, we verified a positive association between plasma concentrations of 1,25(OH)2D and PTH. We further showed a clear relationship between higher PTH and increased bone turnover (CTX and P1NP). All PTH regulated pathways were confirmed when 25(OH)D <75nmol/L. In addition to a positive association between 25(OH)D and 24,25(OH)2D, we identified a novel inverse relationship between 24,25(OH)2D and bone turnover, irrespective of 25(OH)D concentration. Despite very low dietary calcium intakes in this population, we confirmed an association between greater dietary calcium intake and lower PTH resulting in attenuation of the relationship between 25(OH)D and PTH.

[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Our study has confirmed established metabolic pathways including the role of PTH in regulating renal 25(OH)D hydroxylation to 1,25(OH)2D, with stronger associations more evident when 25(OH)D is <75nmol/L. The observed positive association between PTH and bone turnover when 25(OH)D is <75nmol/L, is consistent with our previous work which showed attenuation of the relationship between 25(OH)D and PTH only when 25(OH)D is ≥75nmol/L (Madanhire et al, manuscript in review). In addition, the paradoxical findings observed when stratifying by 50nmol/L vs 75nmol/L further validates the 75nmol/L threshold when considering the downstream PTH effects on bone turnover. Similarly, previous histomorphometric studies, although not in African populations, have shown absence of mineralization defects indicative of osteomalacia, only in individuals with circulating 25(OH)D >75 nmol/L, suggesting this may be a minimum threshold required to maintain skeletal health (35). Furthermore, a recent systematic review of vitamin D prevalence, consisting of 130 studies from 23 African countries, including some participants living with HIV, spanning the lifecourse (birth to 90 years), included 46 studies that defined 25(OH)D sufficiency using a threshold of ≥75 nmol/L (36). The systematic review showed that low vitamin D, defined as 25(OH)D <75 nmol/L, affects three in five people in Africa and is associated with histomorphometrically assessed osteomalacia, decreased innate immunity and reduced overall well-being (36,37). Taken together, these findings are consistent in suggesting a 25(OH)D concentration ≥75nmol/L is necessary to achieve optimal bone health in children and adolescents growing up with HIV in Africa. In support of the evidence on the negative effect of 25(OH)D <75 nmol/L concentration, findings from the National Health and Nutrition Examination Survey (2001–2004) on American children and adolescents age 6-18 years, with 25(OH)D <75nmol/L showed lower BMD compared to those with 25(OH)D ≥75nmol/ (38). Similarly, an observational study, in a younger Canadian population (1.8-6.0 years), showed 25(OH)D concentrations >75 nmol/L were positively associated with forearm and total body BMC and areal BMD (39).

Our study findings supported 25(OH)D catabolism to 24,25(OH)2D irrespective of 25(OH)D concentration. In addition, we detected evidence of a negative association between 24,25(OH)2D and bone turnover. Although 24,25(OH)₂D has traditionally been considered relatively inactive, its negative association on bone turnover may reflect increased vitamin D receptor (VDR) activity, driven by CYP24A1-mediated vitamin D catabolism, rather than a direct hormonal effect (40). Some studies of the vitamin D metabolic ratio [24,25(OH)2D/ 25(OH)D x 100%] have been associated with fracture risk in older adults (41). In our study, we observed a vitamin D metabolic ratio of 6.1% which has been considered ‘normal’ in European individuals aged >18 years with acute or chronic conditions (42). European studies (DESIRE and LURIC) have shown associations of high 24,25(OH)2D with both high PTH and high bone turnover (42). Our findings lend credibility and validity to a role of 24,25(OH) 2D in regulating bone turnover, but the mechanism underlying this association, seen in those living with HIV, remains to be determined.

Low calcium consumed through the diet leads to PTH stimulation of intestinal absorption of calcium through production of 1,25(OH)2D to maintain calcium homeostasis (43); in identifying this effect, our SEMs were validated. Notably, average daily calcium intakes in this part of Africa were markedly lower (range: 150-400mg/day) than those recommended internationally by the European Food Safety Authority (EFSA) (1150-1300mg/day) (44), and have been associated with low vitamin D concentrations (45). Such low intakes are seen across other parts of Africa, such as in The Gambia where dietary calcium intakes (<150 mg/day) are well below international recommendations (46,47). Some have suggested that populations in Africa might be habituated to lower calcium intakes (48). This habituation is hypothesized to involve increased intestinal calcium absorption and/or reduced renal calcium excretion and/or enhanced stimulation of renal 1-α hydroxylase (49). However, the suppression of PTH with increased dietary calcium seen in our study suggests that, even in populations with historically low calcium intakes, the relationship between PTH and dietary calcium is similar to that in populations with higher intakes.
Overall, our findings are potentially generalisable to the Black African adolescent population living with HIV in East and Southern Africa, where delayed ART initiation, poor nutrition and chronically low dietary calcium intakes are seen. Currently, we do not have evidence to suggest generalisability beyond this population.
Strength and limitations
The study strengths include a large sample size to enhance understanding of relationships between multiple vitamin D metabolites and improve precision of SEM estimates among African ALWH. Limitations include use of cross-sectional data as relationships observed at a single time point may not reflect long-term variations in pathways studied with SEMs. The dietary calcium data had several limitations: intake assessment is only semi-quantitative using a diet diversity questionnaire, food portions are often poorly estimated, and there is potential for recall bias (50). Furthermore, while we calculated dietary calcium, calcium-rich foods also tend to be high in protein which could have influenced the findings. The study lacked an HIV-negative comparison population in order to determine the generalizability of our findings to the wider Zimbabwean and Zambian populations. Analyses were not adjusted for pubertal staging, ART regimen and viral load, as the complexity of the SEM needed to be balanced against the potential for residual confounding. In addition, the study used UK reference data to assess bone status due to lack of local data potentially leading to misclassification.  Whilst no participant had clinical signs or rickets, the study was unable to exclude a degree of osteomalacia contributing to low BMD. 

Conclusion
Overall, our findings suggest that 25(OH)D concentrations above 75 nmol/L are needed for optimal bone health in children and adolescents growing up with HIV in Southern Africa. We have identified a novel effect the catabolic metabolite 24,25(OH)2D on bone turnover, suggesting excessive 24,25(OH)2D may be detrimental for bone health, for which the underlying mechanism requires further study. It remains to be determined whether calcium and vitamin D supplementation proves beneficial to bone turnover and ultimately bone density in children and adolescents growing up with HIV in this region.
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Table 1: Baseline socio-demographic, growth and clinical characteristics by country

Legend: A description of socio-demographic, growth, clinical and vitamin D characteristics stratified by country.


Figure 1: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and P1NP stratified by 25(OH)D concentration [<75nmol vs 75nmol/L]

Legend: SEMs showing direct effects [standardised )] for vitamin D metabolites [25(OH)D, 1,25(OH)2D and 24,25(OH)2D], PTH and P1NP from the biologically specified model. The direct SEM effects are stratified by 25(OH)D<75nmol/L (dashed line) and 25(OH)D75nmol/L (solid line) concentration. The black and grey lines are showing direct and interaction associations respectively from maximum likelihood estimation.


Figure 2: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and CTX stratified by 25(OH)D concentration [<75nmol vs 75nmol/L]

Legend: SEMs showing direct effects [standardised )] for vitamin D metabolites [25(OH)D, 1,25(OH)2D and 24,25(OH)2D], PTH and CTX the biologically specified model. The direct SEM effects are stratified by 25(OH)D<75nmol/L (dashed line) and 25(OH)D75nmol/L (solid line) concentration. The black and grey lines are showing direct and interaction associations respectively from maximum likelihood estimation.



Figure 3: SEM for vitamin D feedback loops and the anabolic reaction by 25(OH)D concentration [<75nmol vs 75nmol/L]

Legend: An SEM for the direct effects [standardised )] between 25(OH)D, PTH and 1,25(OH)2D stratified by 25(OH)D<75nmol/L (dashed line) and 25(OH)D75nmol/L (solid line) concentration. The SEM shows the bidirectional 1,25(OH)2D feedback loop on 25(OH)D is presented as the grey interaction effect [standardised )] of 1,25(OH)2D and PTH on 25(OH)D estimated from maximum likelihood.


Figure 4: SEM model with the interaction effect of 25(OH)D and dietary calcium on PTH

Legend: An SEM model showing interaction effect [standardised ) in grey] of dietary calcium and 25(OH)D on PTH.




Supplemental Table 1: Dietary calcium and vitamin D conversion

Legend: Table for median dietary calcium (mg/week) and vitamin D intake (µg /week) for different food items consumed at different frequencies/week



Supplemental Table 2: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and bone turnover markers stratified by 25(OH)D concentration [<75nmol vs 75nmol/L]

Legend: SEMs showing direct effects [standardised )] for vitamin D metabolites [25(OH)D, 1,25(OH)2D and 24,25(OH)2D], PTH and bone turnover markers (CTX and P1NP). The direct SEM effects are stratified by 25(OH)D<75nmol/L and 25(OH)D75nmol/L concentration


Supplemental Table 3: Total, direct, and indirect effects between vitamin D pathway metabolites and bone turnover markers (P1NP and CTX) stratified by 25(OH)D groups.

Legend: Table of standardized ) coefficients showing direct, indirect and total effects between vitamin D metabolites, PTH and bone turnover markers stratified by 25(OH)D<75nmol/L and 25(OH)D75nmol/L

Supplemental Table 4: SEM for vitamin D feedback loops and the anabolic reaction by 25(OH)D concentration [<75nmol vs 75nmol/L]

Legend: An SEM for the direct effects [standardised )] between 25(OH)D and 1,25(OH)2D stratified by 25(OH)D<75nmol/L and 25(OH)D75nmol/L concentration. A 1,25(OH)2D feedback loop on 25(OH)D is shown as the interaction [standardised )] between 1,25(OH)2D and PTH. 




Supplemental Table 5: SEM model with the interaction effect of 25(OH)D and dietary calcium on PTH

Legend: An SEM model showing interaction effect [standardised )] of dietary calcium and 25(OH)D on PTH.


Supplemental Table 6: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and P1NP, adjusted for creatinine clearance and stratified by 25(OH)D concentration [<75nmol vs 75nmol/L].

Legend: An SEM showing direct effects [standardised )] for vitamin D metabolites [25(OH)D, 1,25(OH)2D and 24,25(OH)2D], PTH and P1NP. The model is adjusted for age, sex, country and creatinine clearance level stratified by 25(OH)D<75nmol/L and 25(OH)D75nmol/L concentration

Supplemental Table 7: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and P1NP stratified by 25(OH)D concentration [<50nmol vs 50nmol/L].

Legend: An SEM showing direct effects [standardised )] for vitamin D metabolites [25(OH)D, 1,25(OH)2D and 24,25(OH)2D], PTH and P1NP. The model is adjusted for age, sex and country stratified by 25(OH)D<50nmol/L and 25(OH)D50nmol/L concentration

Supplemental Figure 1: Supplemental figure 1: Monthly variations in serum 25(OH)D concentrations by country. 

Legend: Box and whisker plots showing monthly median (horizontal line) and interquartile range (IQR) for 25(OH)D levels over the data collection period stratified by country.


Supplemental Figure 2: A scatter plot showing the relationship between 25(OH)D and PTH stratified by daily calcium intake (<150mg vs ≥150mg)

Legend: A scatter plot showing evidence of interaction for the relationship between 25(OH)D and PTH by daily dietary calcium intake [<150mg (blue) vs 50mg (black)]




Supplemental Figure 3: The linear associations between vitamin D metabolites and bone turnover markers adjusted for age, sex, height, country and total body percentage fat mass.

Legend: Linear associations [standardised )] between vitamin D metabolites, PTH and P1NP on pathways stratified by 25(OH)D levels with dashed and solid lines are showing relationships for 25(OH)D<75nmol/L and 25(OH)D75nmol/L respectively.




Table 1: Baseline socio-demographic, growth and clinical characteristics by country

	
	Total
(n=842)
	Zambia
(n=420)
	Zimbabwe
(n=422)

	Socio-demographic characteristics

	Sex: Female, n (%)
	448 (53.2)
	230 (54.8)
	218 (51.7)

	Age, median (IQR)
	15.5 (13.2-17.9)
	15.0 (13.0-17.4)
	16.2 (13.6-18.1)

	Socio-Economic Status quintiles, n (%)
	Q1
	Q2
	Q3
	Q4
	Q5
	
170 (20.2)
167 (19.8)
175 (20.8)
162 (19.2)
168 (19.9)
	
80 (19.0)
86 (20.5)
101 (24.0)
77 (18.3)
76 (18.1)
	
90 (21.3)
81 (19.2)
74 (17.5)
85 (20.1)
92 (21.8)

	Dairy consumption, n (%)
	Never
	<1/week
	1-2 times/week
	3-5 times/week
	Almost every day
	
100 (11.9)
276 (32.8)
284 (33.7)
92 (10.9)
90 (10.7)
	
64 (15.2)
173 (41.2)
90 (21.4)
49 (11.7)
44 (10.5)
	
36 (8.5)
103 (24.4)
194 (46.0)
43 (10.2)
46 (10.9)

	Dietary vitamin D intake (µg/week), n (%)
	<4 
	4-<6
	6-<8
	8+
	
173 (20.5)
496 (58.9)
161 (19.1)
12 (1.4)
	
122 (29.0)
235 (55.9)
59 (14.0)
4 (0.9)
	
51 (12.1)
261 (61.8)
102 (24.2)
8 (1.9)

	Dietary calcium intake (mg/week), n (%)
	<150
	150-299
	300+
	
639 (75.9)
129 (15.3)
74 (8.8)
	
321 (76.4)
66 (15.7)
33 (7.9)
	
318 (75.4)
63 (14.9)
41 (9.7)

	Growth characteristics

	Tanner stage, n (%)
	I
	II
	III
	IV
	V
	
77 (9.2)
129 (15.4)
166 (19.8)
207 (24.6)
261 (31.1)
	
31 (7.4)
72 (17.1)
90 (21.4)
102 (24.3)
125 (29.8)
	
46 (11.0)
57 (13.6)
76 (18.1)
105 (25.0)
136 (32.4)

	Height for age z-score <-2, n (%)
	251/840 (29.9)
	126/420 (30.0)
	126/420 (30.0)

	Weight for age z-score <-2, n (%)
	253 (30.0)
	135 (32.1)
	118 (28.0)

	HIV clinical characteristics

	Viral load (60 copies/ml), n (%)
	164/841 (19.5)
	64/419 (15.3)
	100/422 (23.7)

	TDF containing ART regimen, n (%)
	688 (81.7)
	360 (85.7)
	328 (77.7)

	Vitamin D metabolites 

	25(OH)D (nmol/L), mean (SD)
	66.1 (16.5)
	61.3 (14.2)
	70.8 (17.3)

	25(OH)D (<75 nmol/L), n (%)
	637 (75.6)
	367 (87.4))
	270 (64.0)

	1,25(OH)2D (pmol/L), mean (SD)
	210.6 (70.4)
	208.1 (65.5)
	213.1 (75.0)

	24,25(OH)2D (nmol/L), mean (SD)
	4.1 (1.6)
	3.7 (1.3)
	4.5 (1.8)

	Vitamin D metabolite ratio, (percentage)
[24,25(OH)2D/25(OH)D]
	6.1 (1.6)
	6.0 (1.6)
	6.2 (1.6)

	PTH (pmol/L), median (IQR)
	4.3 (3.3-5.6)
	4.2 (3.3-5.4)
	4.4 (3.3-5.8)

	PTH (>6.9 pmol/L), n (%)
	109 (13.0)
	44 (10.5)
	65 (15.4)

	Calcium (mg/dL), median (IQR)
	9.4 (9.0-9.7)
	9.4 (9.0-9.8)
	9.4 (9.0-9.8)

	Bone turnover markers

	CTX (µgL), median (IQR)
	1.5 (1.0-2.1)
	1.5 (1.0-2.0))
	1.6 (1.0-2.2)

	P1NP (µgL), median (IQR)
	467.5 (210.3-850.6)
	507 (223.4-845.1)
	438.1 (198-867.3)

	Bone mineral density (n=836)

	TBLH BMD adjusted for height, mean (SD)
	1.65 (0.23)
	1.58 (0.20)
	1.71 (0.24)

	LS BMAD, mean (SD)
	0.82 (0.19)
	0.74 (0.16)
	0.90 (0.1)

	Renal function characteristics
	
	
	

	Creatinine clearance (mL/min), median (IQR)
	108.3 (91.9-139.7)
	94.6 (85.4, 105.1)
	139.2 (112.4-181.0)

	Phosphate (mmol/L), median (IQR)
	1.12 (0.99-1.28)
	1.14 (1.00, 1.27)
	1.11 (0.98, 1.3)


No participants had low/high calcium concentration or high phosphate level: 10% of the participants had creatinine clearance of either 75mL/min or 8575mL/min in female and male participants
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Figure 1: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and P1NP stratified by 25(OH)D levels [<75nmol vs 75nmol/L]
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PTH: Parathyroid hormone; 25(OH)D: 25 hydroxy-vitamin D; 1,25(OH)2D: 1,25 dihydroxy-vitamin D; 24,25(OH)2D: 24,25 dihydroxy-vitamin D; P1NP: Procollagen Type 1 N-Terminal Propeptide















Figure 2: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and CTX stratified by 25(OH)D levels [<75nmol vs 75nmol/L]
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PTH: Parathyroid hormone; 25(OH)D: 25 hydroxy-vitamin D; 1,25(OH)2D: 1,25 dihydroxy-vitamin D; 24,25(OH)2D: 24,25 dihydroxy-vitamin D; CTX: C-Terminal Telopeptide of Type I Collagen


Figure 3: SEM illustrating the vitamin D feedback loop and anabolic response according to the concentration of 25(OH)D
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Figure 4: SEM model with the interaction effect of 25(OH)D and dietary calcium on PTH 
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PTH: Parathyroid hormone; 25(OH)D: 25 hydroxy-vitamin D; 1,25(OH)2D: 1,25 dihydroxy-vitamin D 












Supplemental Table 1: Conversion of self-reported dietary consumption into weekly median calcium and vitamin D intakes
	
	Calcium Intake-median (mg/week)
	Vit D intake-median (µg /week)

	Dairy

	Never 
	0
	

	Less than 4 times in past month 
	129.5
	

	1-2 times a week
	499.5
	

	3-5 times a week 
	1249.5
	

	Almost every day 
	1875
	

	Legumes

	Never 
	0
	

	Less than 4 times in past month 
	24.5
	

	1-2 times a week
	79.5
	

	3-5 times a week 
	199.5
	

	Almost every day 
	300
	

	Fish

	Never 
	0
	0

	Less than 4 times in past month 
	29.5
	1.22

	1-2 times a week
	99.5
	3.95

	3-5 times a week 
	249.5
	8.95

	Almost every day 
	375
	13.00

	Eggs

	Never 
	0
	0

	Less than 4 times in past month 
	23.5
	1.95

	1-2 times a week
	74
	5.95

	3-5 times a week 
	184.5
	14.5

	Almost every day 
	281.5
	22.5

	Meat

	Never 
	
	0

	Less than 4 times in past month 
	
	0.295

	1-2 times a week
	
	0.995

	3-5 times a week 
	
	2.50

	Almost every day 
	
	3.75

	Fortified margarine and oils

	Never 
	
	0

	Less than 4 times in past month 
	
	1.95

	1-2 times a week
	
	5.95

	3-5 times a week 
	
	14.95

	Almost every day 
	
	22.50

	Vitamin supplements

	Never 
	0
	0

	Less than 4 times in past month 
	250
	5

	1-2 times a week
	999.5
	19.5

	3-5 times a week 
	2499.5
	49.5

	Almost every day 
	3750
	75



Supplemental Table 2: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and bone turnover markers stratified by 25(OH)D levels [<75nmol vs 75nmol/L]

	Pathways
	25(OH)D concentration at baseline (n=842)

	
	<75nmol/L (n=637)                 β [95% CI]
	≥ 75nmol/L (n=205)         
β [95% CI]

	Interaction of 25(OH)D and PTH
	
	1,25(OH)2D
	-0.11 [-0.20, -0.02]b
	0.13 [-0.12, 0.38]

	PTH
	
	1,25(OH)2D
	0.21 [0.10, 0.32]a
	0.23 [-0.13, 0.59]

	25(OH)D
	
	24,25(OH)2D
	0.81 [0.74, 0.88]a
	0.72 [0.50, 0.94]a

	P1NP

	PTH
	
	P1NP
	0.18 [0.12, 0.25]a
	0.16 [-0.02, 0.34]

	1,25(OH)2D
	
	P1NP
	0.32 [0.25, 0.38]a
	0.18 [0.05, 0.32]a

	24,25(OH)2D
	
	P1NP
	-0.14 [-0.22, -0.06]a
	-0.14 [-0.26, -0.03]b

	CTX

	PTH
	
	CTX
	0.18 [0.11, 0.26]a
	0.14 [-0.03, 0.32]

	1,25(OH)2D
	
	CTX
	0.16 [0.08, 0.23]a
	0.14 [0.02, 0.26]b

	24,25(OH)2D
	
	CTX
	-0.15 [-0.24, -0.06]a
	-0.11 [-0.23, 0.01]c

	The pathways are adjusted for sex, age and country showing standardised Beta coefficients and 95% CI

PTH: Parathyroid hormone 
25(OH)D: 25 hydroxy vitamin D
1,25(OH)2D: 1,25 dihydroxy vitamin D
 24,25(OH)2D: 24,25 dihydroxy vitamin D 
P1NP: Procollagen Type 1 N-Terminal Propeptide
 CTX: C-Terminal Telopeptide of Type I Collagen

a: p<0.001, b: p<0.05, c: 0.01<p<0.05
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Supplemental Table 3: Total, direct, and indirect effects between vitamin D3 pathway metabolites and bone turnover markers (P1NP and CTX) stratified by 25(OH)D groups.

	Pathways
	Standardized total effect
	Standardized direct effect
	Standardized indirect effect

	
	<75nmol
(n=637)
	75 nmol
(n=205)
	<75nmol
(n=637)
	75 nmol
(n=205)
	<75nmol
(n=637)
	75 nmol
(n=205)

	25(OH)D.PTH → 1,25(OH)2D
	-0.11 [-0.20, -0.02]
	0.13 [-0.12, 0.38]
	-0.11 [-0.20, -0.02]
	0.13 [-0.12, 0.38]
	
	

	PTH → 1,25(OH)2D
	0.21 [0.10, 0.32]
	0.23 [-0.13, 0.59]
	0.21 [0.10, 0.32]
	0.23 [-0.13, 0.59]
	-
	-

	25(OH)D → 24,25(OH)2D
	0.81 [0.74, 0.88]
	0.72 [0.50, 0.94]
	0.81 [0.74, 0.88]
	0.72 [0.50, 0.94]
	
	

	P1NP

	PTH → P1NP
	0.18 [0.12, 0.25]
	0.16 [-0.02, 0.34]
	0.11 [0.05, 0.17]
	0.12 [-0.05, 0.29]
	0.07 [0.03, 0.10]
	0.04 [-0.03, 0.11]

	1,25(OH)2D → P1NP
	0.32 [0.25, 0.38]
	0.18 [0.05, 0.32]
	0.32 [0.25, 0.38]
	0.18 [0.05, 0.32]
	-
	-

	 24,25(OH)2D → P1NP
	-0.14 [-0.22, -0.06]
	-0.14 [-0.26, -0.03]
	-0.14 [-0.22, -0.06]
	-0.14 [-0.26, -0.03]
	
	

	CTX

	PTH → CTX
	0.18 [0.11, 0.26]
	0.14 [-0.03, 0.32]
	0.15 [0.08, 0.22]
	0.11 [-0.07, 0.29]
	0.03 [0.01, 0.06]
	0.03 [-0.02, 0.09]

	1,25(OH)2D → CTX
	0.16 [0.08, 0.23]
	0.14 [0.02, 0.26]
	0.16 [0.08, 0.23]
	0.14 [0.02, 0.26]
	-
	-

	 24,25(OH)2D → CTX
	-0.15 [-0.24, -0.06]
	-0.11 [-0.23, 0.01]
	-0.15 [-0.24, -0.06]
	-0.11 [-0.23, 0.01]
	-
	-



Supplemental Table 4: SEM for vitamin D feedback loops and the anabolic reaction by 25(OH)D concentration [<75nmol vs 75nmol/L]

	Pathways
	25(OH)D concentration at baseline (n=842)

	
	<75nmol/L (n=637)                 β [95% CI]
	≥ 75nmol/L (n=205)         
β [95% CI]

	Interaction of PTH and 1,25(OH)2D 
	
	25(OH)D
	-0.08 [-0.11, -0.05]a
	0.02 [-0.07, 0.11]

	Interaction of 25(OH)D and PTH
	
	1,25(OH)2D
	-0.11 [-0.20, -0.02]b
	0.13 [-0.12, 0.38]

	The pathways are adjusted for sex, age and country showing standardised Beta coefficients and 95% CI

PTH: Parathyroid hormone 
25(OH)D: 25 hydroxyvitamin D; 
1,25(OH)2D: 1,25 dihydroxy-vitamin D 

a: p<0.001, b: p<0.05, c: 0.01<p<0.05






Supplemental Table 5: SEM model with the interaction effect of 25(OH)D and dietary calcium on PTH

	Pathways
	  (β [95% CI] 
(n=842)

	Interaction of dietary calcium and 25(OH)D
	
	25(OH)D
	-0.15 [-0.22, -0.07]a

	Interaction of 25(OH)D and PTH
	
	1,25(OH)2D
	-0.03 [-0.10, -0.04]

	PTH
	
	1,25(OH)2D
	0.28 [0.19, 0.36]a

	The pathways are adjusted for sex, age and country showing standardised Beta coefficients and 95% CI

PTH: Parathyroid hormone 
25(OH)D: 25 hydroxy-vitamin D
1,25(OH)2D: 1,25 dihydroxy-vitamin D

 a: p<0.001, b: p<0.05, c: 0.01<p<0.05





















Supplemental Table 6: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and P1NP, adjusted for creatinine clearance and stratified by 25(OH)D concentration [<75nmol vs 75nmol/L].

	Pathways
	25(OH)D concentration at baseline (n=842)

	
	<75nmol/L (n=637)                 β [95% CI]
	≥ 75nmol/L (n=205)         
β [95% CI]

	Interaction of 25(OH)D and PTH
	
	1,25(OH)2D
	-0.13 [-0.21, -0.04]a
	0.10 [-0.13, 0.33]

	PTH
	
	1,25(OH)2D
	0.19 [0.10, 0.29]a
	0.20 [-0.15, 0.56]

	25(OH)D
	
	24,25(OH)2D
	0.82 [0.76, 0.89]a
	0.75 [0.56, 0.94]a

	P1NP

	PTH
	
	P1NP
	0.14 [0.08, 0.19]a
	0.05 [-0.10, 0.21]

	1,25(OH)2D
	
	P1NP
	0.32 [0.26, 0.38]a
	0.18 [0.07, 0.30]a

	24,25(OH)2D
	
	P1NP
	-0.13 [-0.21, -0.05]a
	-0.18 [-0.29, -0.08]a

	CTX

	PTH
	
	CTX
	0.15 [0.09, 0.22]a
	0.07 [-0.09, 0.23]

	1,25(OH)2D
	
	CTX
	0.18 [0.11, 0.25]a
	0.16 [0.04, 0.27]a

	24,25(OH)2D
	
	CTX
	-0.14 [-0.23, -0.06]a
	-0.11 [-0.22, -0.01]b

	The pathways are adjusted for creatinine clearance, sex, age and country showing standardised Beta coefficients and 95% CI

PTH: Parathyroid hormone 
25(OH)D: 25 hydroxy vitamin D
1,25(OH)2D: 1,25 dihydroxy vitamin D
 24,25(OH)2D: 24,25 dihydroxy vitamin D 
P1NP: Procollagen Type 1 N-Terminal Propeptide
 CTX: C-Terminal Telopeptide of Type I Collagen

a: p<0.001, b: p<0.05, c: 0.01<p<0.05





Supplemental Table 7: Relative associations presented in standardized coefficients between vitamin D metabolites, PTH and P1NP stratified by 25(OH)D concentration [<50nmol vs 50nmol/L].

	Pathways
	25(OH)D concentration at baseline (n=842)

	
	<50nmol/L (n=117)                 β [95% CI]
	≥ 50nmol/L (n=725)         
β [95% CI]

	Interaction of 25(OH)D and PTH
	
	1,25(OH)2D
	-0.03 [-0.22, 0.15]
	0.03 [-0.09, 0.15]

	PTH
	
	1,25(OH)2D
	0.34 [-0.05, 0.74]c
	0.25 [0.16, 0.33]a

	25(OH)D
	
	24,25(OH)2D
	0.66 [0.44, 0.88]a
	0.74 [0.66, 0.82]a

	P1NP

	PTH
	
	P1NP
	0.06 [-0.06, 0.17]
	0.13 [0.06, 0.20]a

	1,25(OH)2D
	
	P1NP
	0.45 [0.32, 0.59]a
	0.25 [0.18, 0.32]a

	24,25(OH)2D
	
	P1NP
	-0.19 [-0.46, 0.09]
	-0.13 [-0.19, -0.07]a

	CTX

	PTH
	
	CTX
	0.16 [0.04, 0.28]
	0.16 [0.09, 0.24]a

	1,25(OH)2D
	
	CTX
	0.15 [0.003, 0.31]b
	0.16 [0.10, 24]a

	24,25(OH)2D
	
	CTX
	-0.16 [-0.44, 0.12]
	-0.12 [-0.18, -0.05]a

	The pathways are adjusted for sex, age and country showing standardised Beta coefficients and 95% CI

PTH: Parathyroid hormone 
25(OH)D: 25 hydroxy vitamin D
1,25(OH)2D: 1,25 dihydroxy vitamin D
 24,25(OH)2D: 24,25 dihydroxy vitamin D 
P1NP: Procollagen Type 1 N-Terminal Propeptide
 CTX: C-Terminal Telopeptide of Type I Collagen

a: p<0.001, b: p<0.05, c: 0.01<p<0.05




Supplemental Figure 1:   Monthly variations in serum 25(OH)D concentrations by country. 
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Supplemental Figure 2: A scatter plot showing the relationship between 25(OH)D and PTH stratified by daily calcium intake (<150mg vs ≥150mg)
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Supplemental Figure 3: The linear associations between vitamin D metabolites and bone turnover markers adjusted for age, sex, height, country and total body percentage fat mass.
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