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Vitamin D3 Supplementation Increases Spine Bone 
Mineral Density in Adolescents and Young Adults With 
Human Immunodeficiency Virus Infection Being Treated 
With Tenofovir Disoproxil Fumarate: A Randomized, 
Placebo-Controlled Trial
Peter L. Havens,1 Charles B. Stephensen,2 Marta D. Van Loan,2 Gertrud U. Schuster,3 Leslie R. Woodhouse,2 Patricia M. Flynn,4 Catherine M. Gordon,5 
Cynthia G. Pan,1 Brandy Rutledge,6 D. Robert Harris,6 Georgine Price,6 Alyne Baker,7 William A. Meyer III,8 Craig M. Wilson,9 Rohan Hazra,10  
Bill G. Kapogiannis,10 and Kathleen Mulligan11; for the Adolescent Medicine Trials Network for HIV/AIDS Interventions (ATN) 109 Study Team
1Department of Pediatrics, Medical College of Wisconsin/Children’s Hospital of Wisconsin, Milwaukee; 2Agricultural Research Service, Western Human Nutrition Research Center, US Department 
of Agriculture and 3Department of Nutrition, University of California, Davis; 4Department of Infectious Diseases, St Jude Children’s Research Hospital, Memphis, Tennessee; 5Department of 
Pediatrics, University of Cincinnati College of Medicine/Cincinnati Children’s Hospital Medical Center, Ohio; 6Westat, Rockville, Maryland; 7Tulane University of Health Sciences Center, New 
Orleans, Louisiana; 8Quest Diagnostics, Baltimore, Maryland; 9Department of Epidemiology, University of Alabama at Birmingham; 10Maternal and Pediatric Infectious Disease Branch, Eunice 
Kennedy Shriver National Institute of Child Health and Human Development, Bethesda, Maryland; and 11Department of Medicine, Division of Endocrinology, Zuckerberg San Francisco General 
Hospital, University of California, San Francisco

Background. Tenofovir disoproxil fumarate (TDF) decreases bone mineral density (BMD). We hypothesized that vitamin D3 
(VITD3) would increase BMD in youth receiving TDF.

Methods. This was a randomized, double-blind, placebo-controlled trial of directly observed VITD3 vs placebo every 4 weeks 
for 48 weeks in youth aged 16–24 years with HIV, RNA load <200 copies/mL, taking TDF-containing combination antiretroviral 
therapy (TDF-cART) for ≥180 days. Participants (N = 214) received a daily multivitamin containing VITD3 400 IU and calcium 
162 mg, plus monthly randomized VITD3 50 000 IU (n = 109) or placebo (n = 105). Outcome was change from baseline to week 48 
in lumbar spine BMD (LSBMD). Data presented are median (Q1, Q3).

Results. Participants were aged 22.0 (21.0, 23.0) years, 84% were male, and 74% were black/African American. At baseline, 62% 
had 25-hydroxy vitamin D (25-OHD) <20 ng/mL. Multivitamin adherence was 49% (29%, 69%), and VITD3/placebo adherence 
100% (100%, 100%). Vitamin D intake was 2020 (1914, 2168) and 284 (179, 394) IU/day, and serum 25-OHD concentration was 36.9 
(30.5, 42.4) and 20.6 (14.4, 25.8) ng/mL at 48 weeks in VITD3 and placebo groups, respectively (P < .001). From baseline to week 48, 
LSBMD increased by 1.15% (–0.75% to 2.74%) in the VITD3 group (n = 99; P < .001) and 0.09% (–1.49% to 2.61%) in the placebo 
group (n = 89; P = .25), without between-group difference (P = .12). VITD3 group changes occurred with baseline 25-OHD <20 ng/
mL (1.17% [–.82% to 2.90%]; P = .004) and ≥20 ng/mL (0.93% [–.26% to 2.15%]; P = .033).

Conclusions. For youth taking TDF-cART, LSBMD increased through 48 weeks with VITD3 plus multivitamin, but not with 
placebo plus multivitamin, independent of baseline vitamin D status.

Clinical Trials Registration. NCT01751646.
Keywords. tenofovir disoproxil fumarate; vitamin D supplementation; bone mineral density; parathyroid hormone; HIV 

infection.
 

Tenofovir disoproxil fumarate (TDF) is widely used in human 
immunodeficiency virus (HIV) treatment as part of combin-
ation antiretroviral therapy (cART) and in HIV preexposure 

prophylaxis combined with emtricitabine (FTC) [1]. While ini-
tiation of any cART for HIV treatment decreases dual-energy 
X-ray absorptiometry (DXA)–measured bone mineral density 
(BMD) [2], TDF use results in greater BMD decline than com-
parator nucleoside reverse transcriptase inhibitors, including 
stavudine [3, 4], zidovudine [4], abacavir [5–7], and tenofovir 
alafenamide (TAF) [8, 9]. During chronic cART treatment, 
switching from TDF to a regimen without TDF improves BMD 
[10, 11], another demonstration of TDF’s effect on bone.
Although the mechanisms of TDF-related bone toxicity are 
unknown, TDF increases parathyroid hormone (PTH) [12–15],  
decreases fibroblast growth factor 23 (FGF23) [15], and 

M A J O R  A R T I C L E

© The Author(s) 2017. Published by Oxford University Press for the Infectious Diseases Society 
of America. All rights reserved. For permissions, e-mail: journals.permissions@oup.com.
DOI: 10.1093/cid/cix753

Received 27 March 2017; editorial decision 8 August 2017; accepted 17 August 2017; published 
online August 21, 2017.

Presented in part: Conference on Retroviruses and Opportunistic Infections, Seattle, 
Washington, 16 February 2017.

Correspondence: P.  L. Havens, Pediatric Infectious Diseases, Suite C450, PO Box 1997 
Milwaukee, WI 53201-1997 (phavens@mcw.edu).

Clinical Infectious Diseases®  2018;66(2):220–8

STANDARD

XX

XXXX



Monthly Vitamin D Increases Bone Density • CID 2018:66 (15 January) • 221

increases serum bone turnover markers (eg, C-terminal telo-
peptides [CTX], bone alkaline phosphatase [BAP], and osteoc-
alcin [OC]) [5], changes also observed in persons with vitamin 
D (25-hydroxy vitamin D [25-OHD]) deficiency [16].

Independent of TDF use or HIV infection, in persons with 
25-OHD deficiency, vitamin D supplementation improves 
endocrine and bone turnover changes, and increases BMD 
[17]. Vitamin D supplementation also improves the endo-
crine and BMD changes associated with TDF use. At initiation 
of TDF-containing cART in adults with HIV, randomization 
to daily high-dose vitamin D3 (4000 IU) plus twice-daily cal-
cium lessened BMD decline, independent of baseline 25-OHD 
status [18]. During chronic treatment with TDF-containing 
cART, vitamin D3 supplementation (50 000 IU) every 4 weeks 
decreased PTH over 12 weeks of treatment in youth with HIV 
[19]. In calcium- and/or 25-OHD-deficient adults with HIV 
infection on TDF-containing cART, vitamin D and/or calcium 
supplementation improved both PTH and BMD at 48 weeks 
[20].

We hypothesized that an “adolescent-friendly” monthly 
dose of vitamin D3 (50 000 IU [19]) would increase BMD and 
decrease PTH more effectively than a daily multivitamin con-
taining vitamin D3 (400 IU) and calcium in youth with HIV 
being chronically treated with TDF-containing cART, inde-
pendent of baseline vitamin D status.

METHODS

Overview

Adolescent Medicine Trials Network for HIV/AIDS 
Interventions (ATN) study 109 was a 48-week randomized, 
double-blind, placebo-controlled, multicenter trial per-
formed between October 2012 and May 2016 at 13 ATN and 
6 International Maternal Pediatric Adolescent AIDS Clinical 
Trials (IMPAACT) sites in the United States and Puerto Rico. 
Study version 1.0, designed for 96 weeks, was modified to ver-
sion 2.0 in August 2014, with 48 weeks of follow-up, due to ATN 
financial constraints. The study was approved by each partici-
pating center’s institutional review board, and appropriate writ-
ten informed consent/assent was obtained prior to enrollment.

Participants

We enrolled persons ages 16 through 24 years with behaviorally 
acquired HIV-1 infection, treated with TDF-containing cART 
for ≥180 days, with viral load <200 copies/mL ≤90 days before 
and at the time of screening. Subjects were excluded for body 
weight >159 kg (DXA requirement), hepatitis B or C infection, 
clinical renal diseases, sarcoidosis, arteriosclerosis, osteoporosis 
and/or other bone diseases, parathyroid disorders, current or 
recent pregnancy or lactation, pregnancy planned during the 
study, or gastrointestinal disease potentially interfering with 
study agent absorption; use of medicines affecting BMD, inter-
fering with vitamin D absorption or TDF excretion, or causing 

nephrotoxicity; or estimated glomerular filtration rate (eGFR) 
<70 mL/minute/1.73 m2, or serum calcium above the upper lim-
its of laboratory norms. Subjects taking multivitamins, calcium, 
or vitamin D could enroll if supplements were discontinued at 
screening and thereafter (Figure 1). Because pretreatment vita-
min D concentration was not an eligibility criterion, there was 
no exclusion based on pretreatment vitamin D status [21].

Treatments

Participants were randomized to receive vitamin D3, 50 000 IU 
(Tishcon, Westbury, New York) or a matching placebo gelatin 
capsule [22]. Randomization to vitamin D3 or placebo was 
stratified by sex at birth, age (<20 vs ≥20 years), and race (black/
African American vs other), in a 1:1 ratio.

Capsules, manufactured yearly, had content confirmed by 
independent analysis before and at the end of use for each batch. 
Treatment assignment was blinded to all study participants and 
personnel except the site pharmacist. Directly observed oral 
treatment was administered at baseline and every 4 weeks while 
on study.

All participants were also supplied with a multivitamin and 
mineral supplement (Nature’s Bounty Multi-Day Vitamins plus 
Minerals, Nature’s Bounty, Bohemia, New York) and instructed 
to take 1 tablet daily. Among other constituents, this contained 
vitamin D3 400 IU and calcium 162  mg (as dicalcium phos-
phate and calcium carbonate). This vitamin D dose was chosen 
to assure that total vitamin D intake (dietary plus supplement) 
in the group randomized to placebo would approximate the 
recommended daily intake of 600 IU [21]. Thus, the vitamin 
D3 group received a daily multivitamin plus randomized dir-
ectly observed vitamin D3 50 000 IU every 4 weeks; the placebo 
group received a daily multivitamin plus randomized placebo 
every 4 weeks.

Percentage adherence to multivitamin use was measured by 
pill count. Adherence to randomized treatment was identified 
by missed visits for directly observed therapy. Vitamin D/cal-
cium dose received was calculated as prescribed dose multiplied 
by adherence [17]. Total vitamin D/calcium doses received were 
the sum of dietary, multivitamin, and randomized treatment 
amounts.

Study Visits

After screening, study visits occurred at baseline and weeks 
12, 24, and 48. Treatment/safety visits occurred every 4 
weeks. Spine, hip, and whole body DXA scans were per-
formed at baseline and weeks 24 and 48 and analyzed cen-
trally. With few exceptions, participants were scanned on the 
same instrument throughout the study. Six sites had GE/Lunar 
(Madison, Wisconsin) scanners, and 13 sites had Hologic 
devices (Waltham, Massachusetts). Machine-generated z scores 
were used. A  standard phantom was scanned on each DXA 
instrument.
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Urine and blood samples were collected at baseline and 
weeks 12, 24, and 48 after a minimum 8-hour fast. Serum sam-
ples were used for measurement of PTH, FGF23, vitamin D 
binding protein (VDBP), 25-OHD, 1,25-dihydroxy vitamin D 
(1,25-OH(2)D), CTX, BAP, OC, calcium, creatinine, phosphate, 
and albumin. Spot urine samples for creatinine (UCr), cal-
cium, phosphate, glucose, protein, and retinol-binding protein 
(URBP) were collected upon arrival. A second urine sample for 
β-2 microglobulin was collected 1 hour later after participants 
drank 8–12 ounces of water. All samples were processed at the 
study sites, frozen, and sent for storage and batch analysis at the 
US Department of Agriculture, Agricultural Research Service, 
Western Human Nutrition Research Center, Davis, California 
(see Supplementary Materials).

Dietary or supplemental intake of calcium, vitamin D, and 
total energy were assessed at baseline and week 48 using the 
Block Dietary Systems Food Frequency Questionnaire [23] 
(Nutritionquest, Berkeley, California). Information on exercise 
frequency, tobacco and alcohol use, and attempts to lose weight 
was collected by questionnaire at baseline and week 48.

Statistical Analysis

The primary outcome measure was the percentage change from 
baseline to week 48 in lumbar spine (L1–L4) BMD (LSBMD), 
with evaluable participants defined as those with BMD data 
available at both baseline and at week 48. The study was designed 
to enroll 214 participants, to have 100 evaluable participants in 
each randomized treatment group, giving a power of 90% to 

detect a between-group difference of increase in LSBMD ≥1.8% 
from baseline to week 48 [24]. Data are presented as median (Q1, 
Q3) unless otherwise specified. Analyses compared differences 
between participants in randomized groups, using an intent-to-
treat analysis cohort for baseline data, and the evaluable cohort 
for the data on change from baseline to week 48. We report all 
available biochemical data for participants who had baseline 
and week 48 data. The Wilcoxon signed-rank test was used to 
test for significance of differences from baseline to a specified 
study week within each group. Between-group differences were 
assessed by the Wilcoxon rank-sum test. Multivariable analyses 
were used to assess the effects of covariates on the relationship 
of randomized group or 25-OHD to change in LSBMD.

RESULTS

Participants and Baseline Data

Altogether, 214 participants were randomized and completed a 
baseline visit, 191 completed week 48 with complete laboratory 
data, and 188 completed week 48 with complete laboratory and 
DXA data (Figure  1). There were 2 inadvertent enrollments. 
One hundred two participants enrolled in protocol version 1.0 
and 112 in protocol version 2.0.

At baseline, VITD3 and placebo groups were balanced by age, 
sex at birth, race, and most HIV-related and lifestyle variables 
(Table 1). The placebo group had a lower BMI. While prestudy 
multivitamin use was lower in the placebo group, supplements 
were used infrequently in either group. Sixty-two percent of 

Figure 1. Participant flow diagram. 1See Methods for eligibility criteria. Abbreviations: DOT, directly observed therapy; DXA, dual-energy X-ray absorptiometry. 
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Table 1. Baseline Characteristics of the Study Population

Characteristic Overall

Randomized Group

P ValueVitamin D3 Placebo

No.a 212 108 104

 Enrolled in protocol version 1 101 51 50

 Enrolled in protocol version 2 111 57 54

Age, yb .58

 Median 22.0 22.0 22.0

 Q1, Q3 21.0, 23.0 20.5, 24.0 21.0, 23.0

Sex at birth, No. (%) .71

 Male 179 (84) 90 (83) 89 (86)

 Female 33 (16) 18 (17) 15 (14)

Sexual maturity rating (Tanner 
stage)c, No. (%)

1.00

 2 1 (<1) 1 (1) 0 (0)

 3 2 (1) 1 (1) 1 (1)

 4 5 (2) 3 (3) 2 (2)

 5 204 (96) 103 (95) 101 (97)

Race, No. (%) .64

 Black/African American 157 (74) 78 (72) 79 (76)

 Other race 55 (26) 30 (28) 25 (24)

Hispanic ethnicity, No. (%) 45 (21) 21 (19) 24 (23) .51

BMI, kg/m2 .024

 Median 23.6 24.5 22.7

 Q1, Q3 21.2, 28.8 22.1, 28.7 20.9, 28.9

BMI, No. (%) .26

 Underweight (<18.5 kg/m2) 8 (4) 3 (3) 5 (5)

 Normal (18.5–24.9 kg/m2) 116 (55) 54 (50) 62 (60)

 Overweight (25–29.9 kg/m2) 43 (20) 27 (25) 16 (15)

 Obese (≥30 kg/m2) 45 (21) 24 (22) 21 (20)

Lifestyle, No. (%)

 Exercise once weekly or more 136 (64) 70 (65) 66 (63) .89

 Trying to lose weight 73 (34) 38 (35) 35 (34) .89

 Smoke cigarettes 52 (25) 26 (24) 26 (25) 1.00

 Drink alcohol 77 (38) 48 (45) 29 (29) .021

Uses multivitamin or mineral  
supplement, No. (%)

53 (25) 34 (32) 19 (18) .028

Daily energy intake, kcal/kg/day .79

 Median 35.4 36.4 35.0

 Q1, Q3 23.3, 54.8 22.9, 53.3 23.3, 58.7

Calcium intake, mg/day

 Dietary .65

  Median 1014 1024 988

  Q1, Q3 573, 1545 609, 1560 534, 1494

 Supplementald .15

  Median 200 200 123

  Q1, Q3 45, 210 100, 257 40, 200

 Total .47

  Median 1023 1045 988

  Q1, Q3 581, 1545 636, 1560 534, 1494

Inadequate total daily calcium intake 
for age, No. (%)e

104 (49) 51 (47) 53 (51) .68

Vitamin D intake, IU/day

 Dietary .20

  Median 138 150 116

  Q1, Q3 77, 239 75, 278 78, 216

 Supplementalf .82

  Median 600 600 600

  Q1, Q3 400, 1000 400, 1000 400, 1500

Characteristic Overall

Randomized Group

P ValueVitamin D3 Placebo

 Total vitamin D intake, IU/day .051

  Median 147 174 119

  Q1, Q3 82, 320 82, 377 82, 245

Daily total vitamin D intake, No. (%) .013

 <300 IU 157 (74) 72 (67) 85 (82)

 300–600 IU 34 (16) 25 (23) 9 (9)

 >600 IU 21 (10) 11 (10) 10 (10)

Season enrolled, No. (%) .91

 Winter 83 (39) 44 (41) 39 (38)

 Spring 85 (40) 43 (40) 42 (40)

 Summer 33 (16) 15 (14) 18 (17)

 Fall 11 (5) 6 (6) 5 (5)

Geographic latitude (degrees north), 
No. (%)

.81

 ≤35 73 (34) 36 (33) 37 (36)

 >35 to 40 72 (34) 39 (36) 33 (32)

 >40 67 (32) 33 (31) 34 (33)

Serum vitamin D concentration, ng/
mL

.41

 Median 16.4 15.7 16.8

 Q1, Q3 11.4, 23.9 12.1, 24.9 10.2, 22.7

Serum vitamin D concentration cate-
gory, No. (%)e

.57

 Deficient (25-OHD <12 ng/mL) 57 (27) 27 (25) 30 (29)

 Inadequate (25-OHD 12  
to <20 ng/mL)

75 (35) 37 (34) 38 (37)

 Adequate (25-OHD ≥20  
to 50 ng/mL)

78 (37) 42 (39) 36 (35)

 Excess (25-OHD >50 ng/mL) 2 (1) 2 (2) 0 (0)

Time since HIV diagnosis, y .61

 Median 2.0 2.0 2.0

 Q1, Q3 1.0, 3.0 1.0. 3.0 1.0, 3.0

CD4 cell count, cells/μL .32

 Median 651 636 663

 Q1, Q3 491, 832 473, 826 507, 844

CD4 cells (cells/μL), No. (%)

 0 to <200 1 (<1) 0 (0) 1 (1) .56

 200 to ≤350 19 (9) 12 (11) 7 (7)

 351 to ≤500 35 (17) 18 (17) 17 (16)

 >500 157 (74) 78 (72) 79 (76)

Duration of prior TDF treatment, mo .37

 Median 19.0 20.5 17.5

 Q1, Q3 11.0, 33.0 11.0, 33.5 12.0, 31.5

Antiretrovirals, No. (%) .87

 Protease inhibitor 66 (31) 33 (31) 33 (32)

 NNRTI 87 (41) 47 (44) 40 (38)

 PI + NNRTI 22 (10) 11 (10) 11 (11)

 INSTI 37 (17) 17 (16) 20 (19)

Efavirenz in ART, No. (%)g 78 (37) 44 (41) 34 (33) .26

Ritonavir in ART, No. (%)g 88 (42) 44 (41) 44 (42) .89

Abbreviations: 25-OHD, 25-hydroxy vitamin D; ART, antiretroviral therapy; BMI, body mass 
index; HIV, human immunodeficiency virus; INSTI, integrase strand transfer inhibitor, 
NNRTI, nonnucleoside reverse transcriptase inhibitor; PI, protease inhibitor; TDF, tenofovir 
disoproxil fumarate.
aA total of 214 participants were enrolled. Two inadvertent enrollees are excluded from 
this table.
bData are shown as median (Q1, Q3) unless otherwise specified. Q1 and Q3 represent the 
first and third quartiles of the distribution, respectively.

Table 1. Continued
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participants had serum 25-OHD concentrations in the inad-
equate or deficient range, using Institute of Medicine (IOM) 
criteria (25-OHD <20 ng/mL [21]). There were no differences 
in baseline measurements between evaluable and nonevaluable 
participants (data not shown), and no treatment-related reasons 
for discontinuation (Figure 1).

Calcium and Vitamin D Intake on Study

Over 48 weeks, median (Q1, Q3) daily multivitamin adherence 
by pill count was 49% (27%, 69%), and directly observed rand-
omized treatment adherence was 100% (100%, 100%), with no 
difference between VITD3 and placebo groups (Supplementary 
Table 1). At week 48, the total vitamin D intake received was 
2020 (1914, 2168) and 284 (179, 394) IU/day in the VITD3 and 
placebo groups, respectively (P < .001).

Serum Vitamin D Concentrations

Serum 25-OHD increased by week 12 in both groups, with a 
greater increase in the VITD3 than the placebo group at week 
48 (Figure  2A; P  <  .001). At week 48, median 25-OHD con-
centrations were 36.9 (30.5, 42.4) ng/mL in the VITD3 and 
20.6 (14.4, 25.8) ng/mL in the placebo group (Figure 2A and 
Supplementary Table  2; change from baseline P  <  .001 and 
P =  .001, respectively). By week 48, 25-OHD was >20 ng/mL 
in 98% and 51% of VITD3 and placebo groups, respectively 
(Figure  3). Changes from baseline to week 48 in 1,25-OH(2)
D and free 1,25-OD(2)D were greater in the VITD3 compared 
to placebo group (Supplementary Table  2) (between-group 
P =  .014 and P =  .021, respectively). Serum VDBP decreased 
4% over 48 weeks in the VITD3 group (Supplementary Table 2).

Bone Mineral Density and Anthropometric Variables

Baseline median z scores in the group as a whole were ≤ –0.5 for 
spine, hip, and whole-body BMD (data not shown). From base-
line to week 48, LSBMD increased by 1.15% (–0.75%, 2.74%) 
in the VITD3 group (P < .001) and 0.09% (–1.49%, 2.61%) in 
the placebo group (P = .25), without a significant difference 
between the 2 groups (P = .12) (Figure 2B). This increase 
occurred in VITD3 participants with baseline 25-OHD <20 ng/
mL (1.17% [–0.82%, 2.90%]; P = .004) and in those with base-
line 25-OHD ≥20 ng/mL (0.93% [–0.26%, 2.15%]; P = .033) 
(Figure 2C). LSBMD z score declined in the placebo group  
(0.10 [–0.30, 0.20]; P < .05). There were no other significant 

changes in DXA-measured variables in either group, includ-
ing hip and whole-body BMD (Supplementary Table 2). Body 
weight increased in the placebo group.

In multivariable models, change in LSBMD from baseline to 
week 48 did not differ between males and females, but was most 
strongly associated with baseline 25-OHD (P < .05; Table 2).

Endocrine, Bone Turnover, and Renal Variables

At baseline, no endocrine, renal, or bone turnover markers dif-
fered significantly by treatment group (Supplementary Table 2). 
An effect of vitamin D3 on PTH was seen in the VITD3, but not 
the placebo group, with decline in PTH at 12 weeks sustained at 
week 48 in the VITD3 group (P = .016). Vitamin D3 effect on 
FGF23 was seen at 12 weeks, with sustained increases in both 
groups to week 48. Serum bone turnover markers declined in 
both groups. There were no significant changes in urine glu-
cose, URBP/UCr ratio, or urine B2MG, markers of integrity 
of renal tubular function. Tubular reabsorption of phosphate 
declined only in the VITD3 group, reaching statistical signifi-
cance at week 48.

Safety

There was no clinically meaningful change in markers of 
renal glomerular function (Supplementary Table  2). Serum 
creatinine increased in both groups, while eGFR decreased 
slightly in the VITD3 group. There was no identified clin-
ical vitamin D toxicity in either group, and no difference in 
any clinical toxicity between the 2 treatment groups over the 
entire study duration. In the VITD3 group, 2 participants had 
25-OHD >50 ng/mL at baseline, and 4 had 25-OHD concen-
trations above that value at week 48. One participant in the 
placebo group, whose cART regimen included atazanavir, 
developed nephrolithiasis. Study treatments were withheld 
until symptom resolution, then restarted and well tolerated 
for the remainder of the trial. There was 1 traumatic fracture 
in each group during the study.

DISCUSSION

For adolescents and young adults with HIV being chronically 
treated with TDF-containing cART, vitamin D3 administration 
improved LSBMD within 24 weeks of initiation. This LSBMD 
increase continued to 48 weeks in the VITD3 group, with a 
median serum 25-OHD concentration of 36.9 (30.5, 42.4) ng/
mL at that time. The placebo group, receiving a multivita-
min plus vitamin D3 placebo, showed a decline in LSBMD z 
score and no significant increase in LSBMD by 48 weeks, and 
had a lower week 48 serum 25-OHD concentration (median, 
20.6 [14.4, 25.8] ng/mL). In the VITD3 group, the increase in 
LSBMD occurred in participants with and without baseline 
vitamin D deficiency/insufficiency (baseline 25-OHD <20 or 
≥20 ng/mL) [21].

cSexual maturity rating (Tanner stage) was determined by physical examination or 
self-assessment.
dThe median supplemental calcium intake was calculated only for those who used supple-
ments (n = 23): 17 vitamin D3; 6 placebo.
eInstitute of Medicine criteria [21].
fThe median supplemental vitamin D intake was calculated only for those who used sup-
plements (n = 24): 16 vitamin D3; 8 placebo.
gEver used efavirenz or ritonavir.

Table 1. Continued
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Figure 2. Serum vitamin D (25-OHD) concentration and change in lumbar spine (L1–L4) bone mineral density (BMD) by study week and vitamin D randomized dose group. 
Data are median and bars are Q1, Q3. P values shown in the figures are for the change from baseline to each study week. A, For both the vitamin D3 and placebo group, 
25-OHD values at weeks 12, 24, and 48 were significantly higher than baseline. *25-OH-D change from baseline differed between dose groups (P < .001). †25-OHD at weeks 
12, 24, and 48 differed between dose groups (P < .001). Vitamin D3, n = 100; placebo, n = 91. B, At week 48, the change from baseline was significant in the vitamin D3 group 
but not in the placebo group. There was no significant difference in the change from baseline to week 48 between the vitamin D3 and placebo groups (P = .117). C, Vitamin 
D3, n = 99; placebo, n = 89; 25-OHD <20 ng/mL, n = 59; 25-OHD >20 ng/mL, n = 40.



226 • CID 2018:66 (15 January) • Havens et al

In the VITD3 group, LSBMD increased by 1.15% over 48 
weeks, an effect size approaching that of other interventions 
for mitigating TDF-associated bone toxicity in HIV-infected 
adults. For example, LSBMD increased by 1.6% when switch-
ing from TDF-containing cART to a regimen containing TAF 
[10], and by 2.6% when switching from TDF-FTC-efavirenz to 
ritonavir-boosted darunavir alone [11]. In an open-label study, 
after 48 weeks of vitamin D and/or calcium treatment, LSBMD 
increased by 2.4% in calcium and/or vitamin D-deficient per-
sons on TDF-containing cART [20]. The effect size in our study 
may be smaller because we did not preselect for vitamin D or 
calcium deficiency at study entry.

While not directly comparable [2], further perspective on the 
magnitude of LSBMD change comes from randomized studies 
of cART initiation, which show differences in 48-week LSBMD 
decline associated with TDF-containing vs comparator regi-
mens that range from 0.8% (–2.4% [TDF] vs –1.6% [abacavir]) 
[7] to about 2.4% (–3.4% [TDF] vs –1.0% [TAF]) [9]. At initia-
tion of TDF-containing cART in adults with HIV, daily vitamin 
D3 4000 IU plus twice-daily calcium supplementation resulted 

in LSBMD decline at 48 weeks of –1.4% compared to –2.9% in a 
placebo group, about 1.5% difference [18].

We saw a vitamin D3 treatment effect only on LSBMD and 
not hip or total body BMD. TDF is known to decrease both 
hip and lumbar spine BMD [3, 6–11, 18]. In a study in which 
vitamin D3 50 000 IU was administered monthly in adults with 
HIV treated with cART not containing TDF, LSBMD increased 
by 2.6% at 2 years while total hip BMD decreased by 0.8% and 
total body BMD decreased by 0.5% [25], suggesting that the 
greater effect of vitamin D3 on spine compared to hip BMD is 
not TDF-related. This differential effect of vitamin D3 on spine 
(trabecular bone) and hip (cortical bone) may be related to 
study duration, with a visible effect in the more metabolically 
active trabecular bone in the spine in studies of relatively short 
duration.

Adherence with the daily multivitamin was poor in both 
groups. The VITD3 group received a total daily dose of vitamin 
D3 equal to about 2000 IU/day and achieved serum 25-OHD 
concentrations of 37 ng/mL by week 48, similar to the 25-OHD 
concentration attained using monthly vitamin D3 50 000 IU 

Figure 3. Vitamin D status (serum 25-OHD category) by study week and vitamin D randomized dose group. Classification of vitamin D status based on Institute of Medicine 
categories [21]. At baseline, both vitamin D3 and placebo groups had about 60% of participants with vitamin D deficiency/insufficiency (25-OHD <20 ng/mL).

Table 2. Multivariable Models of Change in Lumbar Spine (L1–L4) Bone Mineral Density From Baseline to Week 48, by Randomized Treatment Group

Model Variables in Model Estimated Effect Coefficient (Standard Deviation) P Valuea

1 Randomized treatment group (vitamin D3 vs placebo) 0.491 (0.423) .246

2 Randomized treatment group (vitamin D3 vs placebo) 0.575 (0.414) .166

Baseline 25-OHD (ng/mL) –0.048 (0.021) .026

Baseline lumbar spine BMD (g/cm2) –2.541 (1.321) .056

3 Randomized treatment group (vitamin D3 vs placebo) 0.494 (0.418) .238

Baseline 25-OHD (ng/mL) –0.044 (0.022) .049

Baseline lumbar spine BMD (g/cm2) –2.406 (1.471) .103

Covariatesb

Abbreviations: 25-OHD, 25-hydroxy vitamin D; BMD, bone mineral density.
aP value from likelihood ratio χ2 test.
bCovariates in the model (continuous variables unless otherwise specified) were as follows: age at enrollment (years); race (Black/African American vs other race); sex at birth (male or 
female); body mass index (kg/m2); lean body mass (g); efavirenz use ever (yes/no); duration of tenofovir disporoxil fumarate use (months); CD4 at entry (cells/μL); viral load (detectable vs 
below limit of quantitation); weight-bearing exercise (yes or no by questionnaire at baseline). In the full model, none of these covariates was statistically significantly associated with change 
in lumbar spine BMD from baseline to week 48 (P > .05).
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without a daily multivitamin [22]. The monthly regimen in the 
VITD3 group supplies a dose of vitamin D3 considered adequate 
for fracture prevention [17], and meets the Endocrine Society 
recommendation for vitamin D dose and serum 25-OHD con-
centration (>30  ng/mL) for persons with HIV infection [16], 
while the placebo group achieved the IOM target (25-OHD 
concentration 20  ng/mL) [21]. Our data suggest that the low 
dose of vitamin D3 in standard multivitamin preparations is 
insufficient to affect bone turnover, BMD, and other variables 
that reflect skeletal health in an adolescent population with 
HIV. The safety of the higher dose, and the effect observed over 
a broad range of baseline 25-OHD concentrations, suggests 
that such dosing could be used in practice without measuring 
serum 25-OHD concentrations, as long as other vitamin D sup-
plements were discontinued at the time of regimen initiation.

A similar effect on LSBMD might be seen in the absence of 
calcium supplementation. Calcium intake from the multivita-
min was <10% of the total daily calcium intake. As high calcium 
intake is less important in persons with high serum 25-OHD 
[17, 26], the LSBMD change would likely be similar even if the 
multivitamin were omitted from the regimen.

The decrease in PTH and serum bone turnover markers, 
seen especially in the VITD3 group, suggest a physiologic state 
similar to vitamin D deficiency that is corrected with vitamin 
D administration [27]. While some studies have suggested this 
“functional 25-OHD deficiency” may be mediated through a 
TDF effect on decreasing free 1,25-OH(2)D [28] by increasing 
VDBP [29, 30], TDF was not associated with changes in VDBP 
in other studies [15, 31], and current study results do not sup-
port a central role for VDBP.

Low FGF23 has been associated with TDF [15, 30, 32]. 
The increase in FGF23 in both groups is larger than was seen 
in TDF-treated vitamin D or calcium-deficient adults with 
HIV [20]. In severe vitamin D deficiency, FGF23 may ini-
tially fall in response to vitamin D treatment when there is 
associated hypophosphatemia [33], but with less severe defi-
ciency, FGF23 concentrations rise in response to vitamin D 
repletion [34]. The initial FGF23 decline in severe vitamin D 
deficiency and later rise in response to high concentrations 
of 1,25-OH(2)D was previously found in TDF-treated youth 
[35]. In the current study, the decline in TRP in the absence of 
broader evidence of renal tubular dysfunction suggests phos-
phate loss may be an FGF23-mediated effect, not primarily a 
renal tubular effect.

A strength of this study was enrollment of youth who had 
viral load <200 copies/mL for ≥180 days on unchanged cART, 
an index of good adherence to cART. A “youth-friendly” dos-
ing scheme with directly observed monthly vitamin D3/placebo 
administration was another key component of our study design. 
The challenges of adherence with the daily multivitamin in our 
adolescent/young adult cohort suggest that the total vitamin D3 
received dose would have been lower with daily dosing, even if 

a higher daily dose were used. We note that LSBMD was rising 
through 48 weeks. Longer follow-up perhaps could have shown 
a greater difference in BMD between the 2 treatment groups.

In summary, monthly high-dose vitamin D3 supplementation 
significantly increased LSBMD over 48 weeks in HIV-infected 
youth on stable TDF-containing cART regimens, regardless of 
baseline vitamin D status. This safe regimen merits consider-
ation for managing TDF-associated LSBMD loss.
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