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Abstract

Background: Those receiving tenofovir/emtricitabine (TDF-FTC) had greater bone loss compared with abacavir/lamivudine
(ABC-3TC) in a randomized simplification trial (STEAL study). Previous studies associated increased bone turnover and bone
loss with initiation of antiretroviral treatment, however it is unclear whether change in bone mineral density (BMD) was a
result of specific drugs, from immune reconstitution or from suppression of HIV replication. This analysis determined
predictors of BMD change in the hip and spine by dual-energy x-ray absorptiometry in virologically suppressed participants
through week 96.

Methodology/Principal Findings: Bone turnover markers (BTMs) tested were: formation [bone alkaline phosphatase,
procollagen type 1 N-terminal propeptide (P1NP)]; resorption (C-terminal cross-linking telopeptide of type 1 collagen [CTx]);
and bone cytokine-signalling (osteoprotegerin, RANK ligand). Independent predictors of BMD change were determined
using forward, stepwise, linear regression. BTM changes and fracture risk (FRAXH) at week 96 were compared by t-test.
Baseline characteristics (n = 301) were: 98% male, mean age 45 years, current protease-inhibitor (PI) 23%, tenofovir/abacavir-
naı̈ve 52%. Independent baseline predictors of greater hip and spine bone loss were TDF-FTC randomisation (p#0.013),
lower fat mass (p-trend#0.009), lower P1NP (p = 0.015), and higher hip T score/spine BMD (p-trend#0.006). Baseline PI use
was associated with greater spine bone loss (p = 0.004). TDF-FTC increased P1NP and CTx through Wk96 (p,0.01). Early
changes in BTM did not predict bone loss at week 96. No significant between-group difference was found in fracture risk.

Conclusions/Significance: Tenofovir/emtricitabine treatment, lower bone formation and lower fat mass predicted
subsequent bone loss. There was no association between TDF-FTC and fracture risk.
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Introduction

Highly active antiretroviral therapy (HAART) significantly

improves survival and quality of life for individuals with human

immunodeficiency virus (HIV) infection. However, clinical

management challenges now include several disorders associated

with aging, including higher prevalence of low bone mineral

density (BMD) [1] and higher rates of fractures [2] than in
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adults without HIV. Prospective studies, mostly small and/or

non-randomized, have generally found that ART initiation

reduced BMD by 1% to 5% over 1 to 2 years (reviewed in [3])

although this initial short-term bone loss may not be ongoing

[4]. These rates of bone loss appear greater than those expected

in healthy men, being more similar to those in post-menopausal

women [5]. Therapy with tenofovir (TDF) has been associated

with greater reductions in BMD than with stavudine or abacavir

(ABC) [6,7,8]. Bone metabolism can be assessed by measuring

serum bone turnover markers (BTMs), comprising proteins

synthesized during bone formation, bone matrix proteins, and

bone collagen degradation products released during bone

resorption. High levels of BTMs have been found to predict

fractures independently of BMD in post-menopausal women [9]

and elderly men [10]. Furthermore, as BTMs can provide a

more dynamic estimate of bone metabolism in shorter

timescales than BMD, these markers have been suggested as

additional tools for more rapid assessment of bone disease [11].

Interleukin-1 (IL-1), IL-6, and tumour necrosis factor-alpha

(TNF-a) can all increase bone resorption [12], and their

circulating levels predict changes in BMD in HIV-uninfected

adults [13]. Despite undetectable HIV viral load on ART, HIV-

infected individuals have significantly higher levels of IL-6

compared with the general population [14].

BTMs have been found to be elevated in ART-treated

compared with untreated patients in some cross-sectional studies

[15,16,17]. In a trial of ART-naive patients, those randomized to

TDF-emtricitabine (FTC) had greater bone loss and greater BTM

increases over 24 weeks than those randomised to ABC-

lamivudine (3TC) [7]. Other studies have shown that early

increases in bone resorption were associated with BMD decreases

and were followed by increased bone formation in ART-naı̈ve

adults, but it is not possible from these data to determine whether

the BMD and BTM changes were a result of specific drugs, from

immune reconstitution or from suppression of HIV replication

[18,19].

In the STEAL study, virologically suppressed patients

randomized to simplify dual nucleoside analogue reverse

transcriptase inhibitor (NRTI) therapy to coformulated TDF-

FTC had greater bone loss over 96 weeks than those

randomised to co-formulated ABC-3TC [20]. This analysis

aimed to explore STEAL bone outcomes in more detail and to

determine predictors of BMD change. We hypothesized that

some patients might be at greater risk of TDF-related BMD loss

over 96 weeks and that this greater loss might be predicted by

either baseline or on-study BTM levels.

Methods

Study Design
STEAL was an open-label, prospective, randomized, non-

inferiority study that compared simplification of current NRTIs to

fixed-dose combination TDF-FTC or ABC-3TC over 96 weeks in

357 adults with plasma HIV viral load ,50 copies/ml [20]. The

protocol for this trial and supporting CONSORT checklist are

available as supporting information; see Protocol S1, Protocol S2

and Checklist S1.

Ethics
The study was approved by each site’s Human Research and

Ethics Committee (30 sites) and registered at Clinicaltrials.gov

(NCT00192634). Each participant signed a written informed

consent before enrolment.

Bone Mineral Density and Laboratory Markers
Dual-energy X-ray absorptiometry (DXA) of the lumbar spine

and right hip were performed for each participant at the same

imaging facility on the same bone densitometer, at baseline, week

48, and week 96, using a standardized protocol. BMD scans were

not centrally analysed. DXA instruments varied between sites

(GE-Lunar in 72% of sites); randomization was stratified by site,

and therefore by model of DXA scanner.

Plasma and serum samples were collected at baseline and at

weeks 12, 24, 48, 72 and 96 (following a 10-hour overnight fast,

except at week 12) and stored at –70uC. Markers of bone

resorption (C-terminal cross-linking telopeptide of type 1 collagen,

[bCTX]; bone formation (procollagen type 1 N-terminal propep-

tide [P1NP]; bone-specific alkaline phosphatase,[BALP]) and

regulators of bone turnover (osteoprotegerin [OPG] and receptor

activator of nuclear factor kappa ligand [RANKL]) were

evaluated. bCTX and P1NP were assayed by an electrochemilu-

minescence immunoassay (E170 immunoassay analyzer; Roche,

Mannheim, Germany; reference ranges bCTX 170–600 ng/L,

P1NP 16.3–78.2 ug/L). BALP, OPG and RANKL were assayed

by Immunoenzymetric Assay (Manual with Plate Reader;

Immunodiagnostic Systems, Boldon, United Kingdom; reference

ranges BALP 8–21.3 ug/L, OPG ,30 pmol/L, RANKL

,100 pmol/L). The following were assessed at baseline only:

Interleukin-6 by ELISA R&D Systems Human IL-6 (reference

range 0.447–9.96 pg/ml); oestradiol by electrochemiluminescence

(E170 immunoassay analyzer; Roche, reference range 50–

200 pmol/L); free testosterone using total testosterone and sex

hormone-binding globulin (Vermeulen formula [20]); and 25-

hydroxy vitamin D by competitive chemiluminescence (Liasion;

DiaSorin, Inc., Stillwater, MN, USA).

BTMs were batch-tested after study completion in one

laboratory. Coefficients of variation were within accepted standard

limits. The 10-year risks of osteoporotic and hip fractures were

estimated using the FRAXH UK algorithm of the World Health

Organization (WHO) [21]. The proportion of participants above

the threshold recommended for intervention with antiresorptive

therapy was determined according to the US National Osteopo-

rosis Foundation (NOF) guidelines [22]. For the analysis of

clinically relevant low BMD, low BMD was defined as T-score

,21 in accordance with WHO diagnostic thresholds [23].

Statistical Analysis
Statistical analysis was conducted on the per protocol (PP)

population, comprising all participants with BMD data and on

randomized therapy at each time point. A PP approach was used

to explore biological mechanisms of BMD change in response to

study drug exposure. A pre-defined secondary analysis of this

substudy was performed on the subpopulation that was not

receiving ABC or TDF at study entry (‘‘TDF/ABC-naı̈ve’’).

Randomization was stratified by baseline NRTI use (TDF without

ABC, ABC without TDF, or other), current protease inhibitor use,

and study site. Absolute change in BMD at the lumbar spine and

hip was the primary outcome of interest. Percent change was

summarised as a secondary outcome.

The associations between baseline covariates (including demo-

graphic, HIV-related factors, ART, body composition, BTMs,

bone remodelling regulators, sex hormones, vitamin D and IL-6;

Table 1) and changes in BTMs from baseline to week 12, and

absolute changes in hip and lumbar spine BMD to week 96 were

analysed using linear regression. Three patients, all on TDF-FTC,

started anti-resorptive therapy after week 48 and were included in

the analysis. However, data on use of alcohol, glucocorticoids,

vitamin D and calcium supplementation that can affect BMD were
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not collected. Multivariable models were built using forward,

stepwise methods. Predictors that achieved a p-value ,0.08 in

univariate analysis (more conservative than 0.1) were assessed for

inclusion in the multivariable model. Randomized groups were

compared for changes in BTMs and FRAXH results by t-test at 48

weeks (BTMs only) and 96 weeks. Interaction between baseline

exposure to TDF or ABC and randomized arm in predicting

BTMs was tested using linear regression for the interaction term.

Contingency-table and chi-square tests were used for analysis of

proportions warranting antiresorptive-therapy (US NOF guide-

lines) and for incidence of low BMD. Sensitivity analysis was

conducted for FRAXH results for participants who were at $40

years of age at baseline and for proportions warranting anti-

resorptive therapy (US NOF guidelines) for participants who are at

$50 years of age at baseline. Pearson’s correlation was used to

assess associations between changes in BTMs across the entire

study population.

Statistical significance was defined as a 2-sided a of 0.05. All

analyses of the main BMD and BTM outcomes were determined a

priori and were hypothesis driven. No adjustment was made for

multiple comparisons. Statistical analyses were performed with

STATA, version 10.1 (Statacorp).

Results

Of 357 participants enrolled in the parent study, 18 discontin-

ued ABC-3TC and 16 discontinued TDF-FTC by week 96. An

additional 22 participants (14 on ABC-3TC and 8 on TDF-FTC)

did not have data for hip and spine BMD change from baseline to

week 96. Therefore, the analysed per-protocol population

comprised the remaining 301 participants (84% of main study

population). Baseline characteristics of the population analysed

were similar to main study [19] and well balanced between arms

(Tables 1, 2).

Bone Mineral Density Change from Baseline
At week 96, the absolute change from baseline in hip BMD in

the ABC-3TC group was 0.004 g/cm2 versus 20.007 g/cm2 in

the TDF-FTC group (treatment difference 0.01 g/cm2 (95%

confidence interval [CI] 0.003 to 0.018; p = 0.006). For lumbar

spine, the absolute BMD change over 96 weeks in ABC-3TC

group was 0.008 g/cm2 and 20.005 g/cm2 in the TDF-FTC

group (treatment difference 0.01 g/cm2 (95% CI 0.002 to 0.024;

p = 0.016). BMD changes in the ‘TDF/ABC-naı̈ve’ subpopulation,

were of similar magnitude (Table 2, Figure 1).

Baseline Predictors of Change in Bone Mineral Density
Baseline covariates significantly associated with greater decline

in hip BMD over 96 weeks in multivariable analysis were TDF-

FTC randomisation (p = 0.001), lower fat mass (p trend = 0.009),

lower P1NP (p = 0.015), and higher hip T-score (p trend = 0.006).

Baseline predictors of greater decline in spine BMD were TDF-

FTC randomisation (p = 0.013), lower fat mass (p trend = 0.005),

protease inhibitor use (p = 0.004), and higher spine BMD

(p = 0.001; Table 3).

Bone Turnover Markers
Significant differences in absolute changes in bone resorption

and formation markers were seen after baseline between treatment

groups. In the PP population, bCTx (bone resorption marker)

increased significantly at week 12 in TDF-FTC compared to ABC-

3TC arm (treatment difference 71.8 ng/L (95% CI 40.2 to 103.4;

p,0.001)) and then remained stable through week 96. Similarly,

increases in bone formation markers were greater with TDF-FTC

Table 1. Baseline characteristics.

Baseline Characteristic ABC-3TC (n = 147) TDF-FTC (n = 154)

Age (years) 45.868.7 44.768.3

Male (%) 99 97

Ethnicity - white (%) 84 86

HIV duration (years) 9.965.8 10.566.1

CD4+ count (cells/mm3) 6236300 6046262

IL6 (pg/ml) 2.262.0 1.961.4

NRTI exposure

Prior ABC (n, %) 28 (19) 29 (19)

Prior TDF (n, %) 42 (29) 45 (29)

Naive to ABC and TDF (n,%) 77 (52) 80 (52)

NRTI duration (years) 5.763.4 5.763.5

PI duration (years) 2.062.7 1.962.7

NNRTI duration (years) 3.562.8 3.662.8

Current protease inhibitor (%) 23 24

Anthropometric factors

Body mass index (kg/m2) 24.763.5 24.863.6

Fat mass (g) 1581366970 1612867901

BMD

Right hip (g/cm2) 1.0260.13 1.0260.14

Spine (g/cm2) 1.1860.16 1.1960.16

Bone resorption

bCTx (ng/L) 240.06148.1 263.96145.4

Bone formation

BALP (mg/L) 20.2610.2 19.8611.6

P1NP (mg/L) 53.3623.1 57.0622.6

Bone regulation

OPG (pmol/L) 3.961.3 3.861.1

RANKL (pmol/L) 0.260.3 0.360.4

Sex hormones

Total testosterone (nmol/l) 17.567.7 17.767.7

Free testosterone (pmol/L) 295.96123.6 291.06125.8

25-hydroxy vitamin D (nmol/L) 71.2630.4 67.5630.0

Oestradiol (pmol/L) 91.5639.5 90.6634.4

Ten-Year Fracture Riska

Major OP fracture risk 3.360.1 3.360.1

Hip fracture risk 0.660.1 0.660.1

Note. Results are expressed as mean 6 standard deviation or %.
Abbreviations: ABC-3TC, abacavir-lamivudine; BALP, bone-specific alkaline
phosphatase; bCTx, C-terminal cross-linking telopeptide of type 1 collagen;
BMD, bone mineral density; NNRTI, non-nucleoside reverse transcriptase
inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; PI, protease
inhibitor; OP, osteoporotic; OPG, osteoprotegerin; P1NP, procollagen type 1
N-terminal propeptide; RANKL, Receptor Activator of Nuclear Factor Kappa
Ligand; TDF-FTC, tenofovir-emtricitabine.
aAccording to FRAXH Scores Computed with BMD.
doi:10.1371/journal.pone.0038377.t001
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than with ABC-3TC arm; P1NP was increased at week 12

(difference 8.79 mg/L [95% CI 5.48 to 12.10; p,0.001]) and

remained stable thereafter. Another formation marker, BALP, was

significantly different from week 24 onwards with greater increases

with TDF-FTC than with ABC-3TC (difference 2.83 mg/L [95%

CI 0.59 to 5.07; p = 0.014]) (Table 3, Figure 2). There was no

significant, between-group difference in OPG or RANKL. Similar

results were found in the ABC/TDF-naive subpopulation (data

not shown). Changes in the bone resorption marker, bCTx, were

correlated at all time points with changes in P1NP, a formation

marker (r.0.30, p,0.001). Changes in BALP were correlated

with changes in bCTx from week 24 onwards (r.0.15, p,0.014)

except at week 48.

Clinical Implications
There was no difference in FRAXH scores at 96 weeks either

within each group or between groups. The FRAXH scores at week

96 for ten-year fracture risk for major osteoporotic fracture were:

3% for both ABC-3TC and TDF-FTC; hip fracture 0.4% with

ABC-3TC vs. 0.5% with TDF-FTC in the PP population. There

was no significant difference in the proportion (0.6% in ABC-3TC

vs. 2.5% in TDF-FTC) of participants who met the NOF

guidelines criteria for treatment by week 96. Similarly, there was

no significant between-group difference in the incidence of

participants who developed low hip BMD (T score #21; 3.8%

in ABC-3TC vs. 8.7% in TDF-FTC) or low spine BMD (3.8% in

ABC-3TC vs. 7.4% in TDF-FTC) by week 96.

Discussion

Small, yet significant differences between TDF-FTC and ABC-

3TC in changes in absolute BMD values were found in our study,

with greater bone loss in the TDF-FTC group over 96 weeks.

Independent predictors for bone loss at both the hip and lumbar

spine included TDF-FTC randomisation and lower baseline fat

Figure 1. Mean change from baseline to week 96 in right hip (A,B) and lumbar spine bone mineral density (C,D) by study
population and randomised arm (abacavir-lamivudine vs. tenofovir-emtricitabine). The right hand side of each graph shows the mean
percent change in BMD at weeks 48 and 96. Note. p values from t-test comparing mean change from baseline to study week of interest in
randomized arms. Error bars represent 1 standard deviation from the mean.Abbreviations: ABC/3TC, abacavir/lamivudine; TDF/FTC, tenofovir/
emtricitabine.
doi:10.1371/journal.pone.0038377.g001
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mass. Further, lower serum P1NP (bone formation marker)

predicted greater hip bone loss, while protease inhibitor use at

baseline predicted greater spine bone loss. BTMs significantly

increased from week 12 with TDF-FTC, but their early changes

(at week 12) did not predict subsequent bone loss. The clinical

relevance of these changes is unknown.

Both the ASSERT study and ACTG 5224s, in ART-naive

adults, found similar results over 48 weeks, showing greater

increases in bone turnover [7] and decrease in BMD [7,8] in

participants randomised to TDF-FTC compared with ABC-3TC.

The greater BMD loss observed in ASSERT compared with our

study may in part be due to different populations (ASSERT

participants were younger, ART-naı̈ve, more immunodeficient

and more ethnically diverse).

The association found between protease inhibitor use and spine

bone loss confirms findings by other investigators [8,24]. The spine

comprises mainly trabecular bone, which is affected earlier than

cortical bone (femoral neck) by high bone turnover [25]. Protease

inhibitors can reduce calcium deposition and alkaline phosphatase

expression in osteoblasts [26], both markers of osteoblast

differentiation. This effect may explain why PINP, a bone

formation marker primarily expressed during osteoblast prolifer-

ation, was more sensitive in detecting TDF-FTC effects on bone

loss. We showed PINP increased with TDF-FTC treatment, while

BAP did not, and lower PINP levels predicted greater bone loss

from the hip, but not the spine. The mechanisms underlying the

effect of TDF on increasing bone loss have not been clearly

established, although recent in vitro studies suggest TDF may alter

gene expression in both osteoblasts and osteoclasts [27,28].

Furthermore, in similar settings without viraemia, a pre-exposure

prophylaxis study found that initiation of TDF is also associated

with bone loss, though bone turnover was not reported [29].

Higher baseline hip T-score and spine BMD predicted greater

bone loss from the hip and spine, respectively in our study, an

observation reported previously in the setting of allogeneic bone

marrow transplantation [30]. This finding provides reassurance

that patients with low BMD are not particularly at risk of greater

bone loss when receiving TDF. The findings regarding the effect of

lower fat mass on bone loss are supported by similar evidence in

the general population, suggesting a link between body compo-

sition and bone density and the protective role of obesity on bone

[31]. Other studies in HIV-infected adults have reported that low

weight and BMI were associated with low BMD [32,33], but we

did not observe this association.

BTM levels increase following ART initiation [7,19]. One study

found reductions in bone formation with increased resorption,

which increased with more advanced untreated HIV infection,

suggesting ‘‘uncoupling’’ of the usually well regulated processes of

bone resorption and formation [17]. After ART initiation, a

‘‘recoupling’’ of bone formation and resorption appears to occur,

albeit with higher levels of bone turnover [17]. It is not clear

whether the early changes in BTMs after ART initiation reflect the

effects of specific ART drugs, HIV suppression or immune

reconstitution. Our study is the first to report BTM changes with

ART switching in stable, virologically suppressed individuals.

Table 3. Baseline covariates assessed in the multivariate model of change in right hip and lumbar spine bone mineral density over
96 weeks.

Right hip Multivariate Analysis Lumbar Spine Multivariate Analysis

Baseline Covariate Coef.
95% confidence
interval P P trend Coef.

95% Confidence
Interval P P trend

TDF-FTC randomisation 20.01 20.02 to 20.01 0.001 20.01 20.02 to 20.00 0.013

Right Hip T score wk0– WHO categories:

#22.5* reference

22.5,t,21.0 20.02 20.04 to 0.01 0.166

$21.0 20.03 20.05 to 20.00 0.031 0.006

Fat mass wk0 - quartiles:

1110–10590 g 20.015 20.03 to 20.00 0.005 20.02 20.03 to 20.00 0.023

10591–15428 g 20.004 20.02 to 0.01 0.424 20.01 20.02 to 0.01 0.271

15429–20942 g 20.002 20.01 to 0.01 0.711 0.01 20.01 to 0.02 0.489

20943–46433 g* reference 0.009 reference 0.005

missing 20.049 20.11 to 0.02 0.134 0.01 20.08 to 0.11 0.787

P1NP wk0 0.001 0.00 to 0.00 0.015

PI at Baseline 20.02 20.03 to 20.01 0.004

L1–L4 Spine BMD wk0 - quartiles:

0.788–1.061* reference

1.062–1.180 20.02 20.03 to 20.00 0.018

1.181–1.292 20.01 20.03 to 0.00 0.057

1.293–1.798 20.03 20.04 to 20.01 ,0.001 0.001

Note. Baseline covariates from the univariate analysis that were assessed in multivariate model and not included in the final model for the hip were N(t)RTI duration,
NRTI duration, femoral BMD, free testosterone, P1NP change from baseline to week 12, CTx change from baseline to week 12; for the spine: PI duration, NRTI duration,
alkaline phosphatase, spine T score, hip T score;
Abbreviations: PI, protease inhibitor; P1NP, procollagen type 1 N-terminal propeptide; TDF-FTC, Tenofovir-Emtricitabine.
doi:10.1371/journal.pone.0038377.t003
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We also evaluated whether baseline BTM levels and early BTM

changes can predict BMD change with ART. Changes in markers

to week 12 were not associated with BMD decrease at week 96.

Only lower baseline levels of one bone formation marker (P1NP)

predicted greater bone loss at the hip. BTMs were significantly

increased in the TDF-FTC arm compared with ABC-3TC, as seen

in the ASSERT study [7]. These changes occurred early in the

study (week 12) and bone turnover remained significantly higher in

those randomized to TDF-FTC compared with ABC-3TC

through 96 weeks. This is in contrast to the ASSERT study

findings of similar bone resorption marker levels from week 48

onwards. Both studies show that formation and resorption

remained coupled during study follow-up.

Although we could not assess fracture rates in this study, we

explored other clinical implications by evaluating the 10-year

fracture risk using the FRAXH algorithm and the incidence of

participants above the FRAX threshold recommended for

antiresorptive therapy according to NOF guidelines. No significant

difference was found between TDF-FTC and ABC-3TC, even in

analyses restricted to the older patients for which FRAX and NOF

guidelines were designed, implying limited clinical significance. It

is likely, however, that in addition to the small changes in BMD,

the study was underpowered to detect significant risk differences

between the groups. In addition, the FRAX equation requires

additional clinical data not collected in STEAL (prior personal

history of fracture, prior rheumatoid arthritis, family history of hip

fracture, alcohol use). Therefore, the fracture risk may have been

underestimated. The NOF guidelines were developed and

validated in postmenopausal women and men aged at least 50

years, so the NOF estimates derived in this study should be viewed

more in terms of the difference between groups rather than the

absolute risk in each group. Lastly, FRAX and the NOF guidelines

have not been validated in HIV-infected populations.

Our study has limitations. Our cohort was at low overall risk

(average age 45 years, predominantly male) for bone-related harm

as demonstrated by small BMD changes, with limited statistical

power to determine predictors of change. In addition, as

participants were on different regimens when entering the study,

the sizes of the different sub-populations according to their

baseline NRTI and PI agents were small, with attenuated

statistical power for secondary analyses. The relatively short

duration of the study and the small sample size did not allow for

investigation of fractures and a possible association with the risk

factors found. DXA scans were not centrally read to minimise

measurement variability. An earlier time-point (e.g. 4 weeks) for

BTM measurement may have provided more insight into the early

pathophysiological effect of ART on bone metabolism.

Our study suggests that HIV-infected adults may benefit from

assessment of risk factors associated with fractures prior to

switching to TDF-FTC because of the associated higher bone

turnover, and adults with a low fat mass are at higher risk for bone

loss. In addition, measurement of P1NP might be useful in

Figure 2. Mean change from baseline to week 96 in bone turnover markers by randomised arm (abacavir-lamivudine vs. tenofovir-
emtricitabine). Note. Error bars represent 1 standard deviation from the mean (a) BALP, bone-specific alkaline phosphatase; (b) P1NP,
procollagen type 1 N-terminal propeptide; (c) bCTx, C-terminal cross-linking telopeptide of type 1 collagen; (d) OPG, osteoprotegerin; ABC/3TC,
abacavir/lamivudine; TDF/FTC, tenofovir/emtricitabine. There was no significant between-group difference at any time point for RANK.
doi:10.1371/journal.pone.0038377.g002
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predicting greater hip bone loss with TDF-FTC, but this requires

confirmation in larger studies.

Supporting Information

Protocol S1 A randomised, open-label trial to assess the
safety and efficacy of switching to fixed-dose tenofovir-
emtricitabine or abacavir-lamivudine: the STEAL study.
(PDF)

Protocol S2 STEAL BMD Sub-Study - Concept Sheet.
(PDF)

Checklist S1.

(DOCX)

Acknowledgments

The content is solely the responsibility of the authors and the views

expressed in this publication do not necessarily represent the position of the

Australian Government.

Clinicaltrials.gov Registration Number: NCT00192634

These results were presented at the 6th IAS Conference on HIV

Pathogenesis, Treatment and Prevention (IAS 2011) 17–20 July 2011,

Rome, Italy and at the 13th International Workshop on Adverse Drug

Reactions and Co-morbidities in HIV 14–16 July 2011, Rome, Italy.

STEAL Study Group (as listed in [20])

STEAL study investigators – Anthony Allworth, Jonathan Ander-

son, David Baker, Mark Bloch, Mark Boyd, John Chuah, David Cooper,

Stephen Davies, Linda Dayan, William Donohue, Nicholas Doong,

Dominic Dwyer, John Dyer, Robert Finlayson, Michelle Giles, David

Gordon, Mark Kelly, Nicholas Medland, Richard Moore, David Nolan,

David Orth, Jeffrey Post, John Quin, Tim Read, Norman Roth, Darren

Russell, David Shaw, David Smith, Don Smith, Alan Street, Ban Kiem

Tee, Ian Woolley.

We extend our grateful thanks to all the participants, study co-ordinators

and to Greg Ward for assistance with BTM assays.Samples for this project

were provided by the Immunovirology Research Network of the Australian

Centre for Hepatitis and HIV Virology Research. Fracture risk assessment

was performed using FRAX - WHO Fracture Risk Assessment Tool,

http://www.shef.ac.uk/FRAX/.

Author Contributions

Conceived and designed the experiments: HH JH PE SE AC. Performed

the experiments: SE PE. Analyzed the data: HH JA. Contributed reagents/

materials/analysis tools: PE. Wrote the paper: HH JH.

References

1. Brown TT, Qaqish RB (2006) Antiretroviral therapy and the prevalence of

osteopenia and osteoporosis: a meta-analytic review. AIDS 20: 2165–2174.

2. Triant VA, Brown TT, Lee H, Grinspoon SK (2008) Fracture prevalence

among human immunodeficiency virus (HIV)-infected versus non-HIV-infected

patients in a large U.S. healthcare system. J Clin Endocrinol Metab 93: 3499–

3504.

3. Mallon PWG (2010) HIV and bone mineral density. Current Opinion in

Infectious Diseases 23: 1–8.

4. Bolland MJ, Wang TK, Grey A, Gamble GD, Reid IR (2011) Stable Bone

Density in HAART-Treated Individuals with HIV: A Meta-Analysis. J Clin

Endocrinol Metab 96: 2721–2731.

5. Arlot ME, Sornay-Rendu E, Garnero P, Vey-Marty B, Delmas PD (1997)

Apparent pre- and postmenopausal bone loss evaluated by DXA at different

skeletal sites in women: the OFELY cohort. J Bone Miner Res 12: 683–690.

6. Gallant JE, Staszewski S, Pozniak AL, DeJesus E, Suleiman JM, et al. (2004)

Efficacy and safety of tenofovir DF vs stavudine in combination therapy in

antiretroviral-naive patients: a 3-year randomized trial. JAMA 292: 191–201.

7. Stellbrink H-J, Orkin C, Arribas JR, Compston J, Gerstoft J, et al. (2010)

Comparison of changes in bone density and turnover with abacavir-lamivudine

versus tenofovir-emtricitabine in HIV-infected adults: 48-week results from the

ASSERT study. Clinical Infectious Diseases 51: 963–972.

8. McComsey GA, Kitch D, Daar ES, Tierney C, Jahed NC, et al. (2011) Bone

mineral density and fractures in antiretroviral-naive persons randomized to

receive abacavir-lamivudine or tenofovir disoproxil fumarate-emtricitabine

along with efavirenz or atazanavir-ritonavir: aids clinical trials group A5224s,

a substudy of ACTG A5202. J Infect Dis 203: 1791–1801.

9. Garnero P, Hausherr E, Chapuy M-C, Marcelli C, Grandjean H, et al. (1996)

Markers of bone resorption predict hip fracture in elderly women: The EPIDOS

prospective study. Journal of Bone and Mineral Research 11: 1531–1538.

10. Meier C, Nguyen TV, Center JR, Seibel MJ, Eisman JA (2005) Bone resorption

and osteoporotic fractures in elderly men: the dubbo osteoporosis epidemiology

study. J Bone Miner Res 20: 579–587.

11. Vasikaran S, Eastell R, Bruyere O, Foldes AJ, Garnero P, et al. (2011) Markers

of bone turnover for the prediction of fracture risk and monitoring of

osteoporosis treatment: a need for international reference standards. Osteoporos

Int 22: 391–420.

12. Yun AJ, Lee PY (2004) Maldaptation of the link between inflammation and bone

turnover may be a key determinant of osteoporosis. Med Hypotheses 63: 532–

537.

13. Ding C, Parameswaran V, Udayan R, Burgess J, Jones G (2008) Circulating

levels of inflammatory markers predict change in bone mineral density and

resorption in older adults: a longitudinal study. J Clin Endocrinol Metab 93:

1952–1958.

14. Neuhaus J, Jacobs DR, Jr., Baker JV, Calmy A, Duprez D, et al. (2010) Markers

of inflammation, coagulation, and renal function are elevated in adults with HIV

infection. J Infect Dis 201: 1788–1795.

15. Piso RJ, Rothen M, Rothen JP, Stahl M (2011) Markers of Bone Turnover Are

Elevated in Patients With Antiretroviral Treatment Independent of the

Substance Used. JAIDS Journal of Acquired Immune Deficiency Syndromes

56: 320.

16. Yin MT, Lu D, Cremers S, Tien PC, Cohen MH, et al. (2010) Short-term bone

loss in HIV-infected premenopausal women. Journal of Acquired Immune

Deficiency Syndromes: JAIDS 53: 202–208.

17. Aukrust P, Haug CJ, Ueland T, Lien E, Muller F, et al. (1999) Decreased bone
formative and enhanced resorptive markers in human immunodeficiency virus

infection: indication of normalization of the bone-remodeling process during

highly active antiretroviral therapy. J Clin Endocrinol Metab 84: 145–150.

18. Ofotokun I, Weitzmann N, Vunnava A, Sheth A, Villinger F, et al. (2011)
HAART-induced Immune Reconstitution: A Driving Force Behind Bone

Resorption in HIV/AIDS. 18th Conference on Retroviruses and Opportunistic

Infections (CROI). Boston.

19. van Vonderen MG, Mallon P, Murray B, Doran P, Agtmael Mv, et al. (2011)

Changes in Bone Biomarkers in ARV-naı̈ve HIV+ Men Randomized to NVP/
LPV/r or AZT/3TC/LPV/r Help Explain Limited Loss of Bone Mineral

Density over the First 12 Months after ART Initiation 18th Conference on
Retroviruses and Opportunistic Infections (CROI). Boston.

20. Martin A, Bloch M, Amin J, Baker D, Cooper DA, et al. (2009) Simplification of
antiretroviral therapy with tenofovir-emtricitabine or abacavir-Lamivudine: a

randomized, 96-week trial. Clinical Infectious Diseases 49: 1591.

21. FRAX: WHO fracture risk assessment tool. Available: http://www.shef.ac.uk/

FRAX/. Accessed: 2011 Apr 14.

22. NOF: Clinician’s Guide to Prevention and Treatment of Osteoporosis.
Available: http://www.nof.org/professionals/clinical-guidelines. Accessed:

2011 Apr 14.

23. World Health Organization (2004) WHO Scientific Group on the Assessment of

Osteoporosis at Primary Health Care Level. WHO.

24. Duvivier C, Kolta S, Assoumou L, Ghosn J, Rozenberg S, et al. (2009) Greater

decrease in bone mineral density with protease inhibitor regimens compared
with nonnucleoside reverse transcriptase inhibitor regimens in HIV-1 infected

naive patients. AIDS 23: 817–824.

25. Borderi M, Gibellini D, Vescini F, De Crignis E, Cimatti L, et al. (2009)

Metabolic bone disease in HIV infection. AIDS 23: 1297–1310.

26. Malizia AP, Cotter E, Chew N, Powderly WG, Doran PP (2007) HIV protease

inhibitors selectively induce gene expression alterations associated with reduced
calcium deposition in primary human osteoblasts. AIDS Res Hum Retroviruses

23: 243–250.

27. Grigsby IF, Pham L, Gopalakrishnan R, Mansky LM, Mansky KC (2010)

Downregulation of Gnas, Got2 and Snord32a following tenofovir exposure of
primary osteoclasts. Biochem Biophys Res Commun 391: 1324–1329.

28. Grigsby IF, Pham L, Mansky LM, Gopalakrishnan R, Carlson AE, et al. (2010)

Tenofovir treatment of primary osteoblasts alters gene expression profiles:

implications for bone mineral density loss. Biochemical & Biophysical Research
Communications 394: 48–53.

29. Liu AY, Vittinghoff E, Sellmeyer DE, Irvin R, Mulligan K, et al. (2011) Bone

Mineral Density in HIV-Negative Men Participating in a Tenofovir Pre-

Exposure Prophylaxis Randomized Clinical Trial in San Francisco. PLoS One
6: e23688.

30. Schulte CM, Beelen DW (2004) Bone loss following hematopoietic stem cell

transplantation: a long-term follow-up. Blood 103: 3635–3643.

31. Rosen CJ, Klibanski A (2009) Bone, fat, and body composition: evolving

concepts in the pathogenesis of osteoporosis. The American Journal of Medicine
122: 409–414.

Bone Loss and Bone Turnover in HIV

PLoS ONE | www.plosone.org 8 June 2012 | Volume 7 | Issue 6 | e38377



32. Mondy K, Yarasheski K, Powderly WG, Whyte M, Claxton S, et al. (2003)

Longitudinal evolution of bone mineral density and bone markers in human
immunodeficiency virus-infected individuals. Clinical Infectious Diseases 36:

482–490.

33. Dolan SE, Carpenter S, Grinspoon S (2007) Effects of weight, body composition,

and testosterone on bone mineral density in HIV-infected women. Journal of

Acquired Immune Deficiency Syndromes: JAIDS 45: 161–167.

Bone Loss and Bone Turnover in HIV

PLoS ONE | www.plosone.org 9 June 2012 | Volume 7 | Issue 6 | e38377


