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Introduction

Decreased bone mass has been reported in both cross-sectional and longitudinal studies
among children living with HIV (CLWH) on antiretroviral therapy (ART) in comparison to
children without HIV, even after adjustment for pubertal stage, weight, and height.[1-6] Most
prior studies demonstrating low bone mass among CLWH used dual x-ray absorptiometry
(DXA) to measure bone mineral content (BMC, grams [g]) and bone mineral density (BMD,
g/centimeters[cm]?). DXA estimates a two-dimensional areal BMD (aBMD) rather than a
three-dimensional volumetric BMD (vBMD), by taking a ratio of the amount of bone and
the area scanned. It is therefore affected by bone size. In children with impaired growth,
delayed pubertal development, and smaller bone size, aBMD by DXA may be inaccurate.[]
DXA is further limited as it is unable to distinguish between cortical and trabecular bone
compartments, or provide a specific estimate of bone strength.
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Peripheral quantitative computed tomography (pQCT) is a bone imaging modality that may
overcome some of the limitations of DXA, and be better suited for studies of CLWH

who commonly experience poor somatic growth and delays in pubertal development.[8-12]
pQCT measures both cortical and trabecular bone compartments, provides information on
bone geometry and trabecular structure, and can quantify vBMD. It also involves little
exposure to ionizing radiation and has good accuracy and precision. There are few studies
of pQCT imaging in CLWH,[13] and none involving CLWH in sub-Saharan Africa, the
region most affected by the pediatric HIV epidemic. The aim of this study is to compare
bone architecture and strength by pQCT in school-aged CLWH and uninfected children as
controls in South Africa, as well as between CLWH on a lopinavir/ritonavir (LPV/r)-based
regimen vs. an efavirenz-based regimen.

Methods

Study participants

This study included a subgroup of CLWH and HIV-uninfected controls enrolled in the
CHANGES Bone Study at the Empilweni Services and Research Unit (ESRU) at Rahima
Moosa Mother and Child Hospital in Johannesburg, South Africa who underwent a pQCT
scan during a single study visit.[5] All children were of black race. Controls without HIV
were recruited from among eligible siblings or household members of CLWH or those
attending the study site for routine outpatient health services. Excluded were controls

with known chronic medical conditions, including known bone, renal, or liver disease,
malabsorption syndrome, or inflammatory bowel disease and children taking antiepileptic
medication. The Institutional Review Boards of Columbia University, New York, NY, USA,
and the University of the Witwatersrand, Johannesburg, South Africa approved the study.
Children’s guardians provided informed consent and children over 7 years of age provided
assent.

Measurements

Image slices (2.3 mm) at the 4% radius and tibia and 38% tibia of the non-dominant
forearm and lower leg were conducted using pQCT (Stratec XCT-2000 bone scanner, Stratec
Medical, Pforzheim, Germany) to measure parameters that describe bone strength at the
MRC/WITS Developmental Pathways for Health Research Unit (Figure 1). Forearm length
was measured from the tip of the olecranon process to the most distal end of the ulna
styloid process, and the tibial length was measured from the distal end of the medial
malleolus to the superior aspect of the medial tibial condyle. Scanner positioning and image
processing was completed as previously described.[!4] In brief, a scout scan identified the
distal epiphysial plate and allowed placement of a reference line at its proximal edge. The
technician then identified the 4% site using this reference line in relation to the measured
limb length. No scans were removed from the analysis due to positioning issues. A voxel
size of 0.4 mm was used and the scan speed was set at 25 mm/s. Image processing and
calculation of numerical values were conducted using the software package provided by

the manufacturer (version 6; Stratec Medical, Pforzheim, Germany). All measurements and
analyses were performed by a single trained operator.
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The 4% (distal) radial and tibial sites were selected to assess cross sections of primarily
trabecular bone. They were analyzed using the CALCBD analysis algorithm using contour
mode 1, peel mode 1, and a threshold of 180 mg/cm3. At these sites the following
parameters were obtained: total area, total vBMD, trabecular area, and trabecular vBMD.
The 38% tibia site was selected to assess cross-sections of primarily cortical bone. It was
analyzed using Cort mode 1 at a threshold of 710 mg/cm3. At this site the following
parameters were obtained: total area, cortical area, cortical vBMD, cortical thickness,
endosteal circumference, and periosteal circumference. Bone strength was estimated by the
polar strength strain index (SSI), an estimate of bending and torsional bone strength for
cortical bone, and a validated measure of fracture risk.

In addition, demographic data were collected and participants underwent physical
examination to obtain anthropometric measures and to assess pubertal development. Weight
was measured to the nearest 0.1 kg using a digital scale, and standing height was measured
to the nearest 0.1 cm using a wall-mounted stadiometer. BMI was calculated as weight
(kg) divided by height squared (m?2). Weight-for-age Z-scores (WAZ), height-for-age Z-
scores (HAZ), and BMI-for-age Z-scores (BAZ) were calculated using WHO standards.[2°]
Underweight was defined as WAZ less than -2 and stunted was defined as HAZ less than
—2. Pubertal status was assessed and graded by trained study physicians (RS, FP, MB)
according to Tanner’s Sexual Maturation Scale.l16. 171 Girls were staged using the highest
score of either breast or pubic hair development. For CLWH, blood was drawn at the visit
and plasma HIV-RNA levels (lower limit of detection 40 copies/mL) were measured by the
Abbott RealTime HIV-1 Assay (Abbott Park, Illinois, USA). CD4 counts and percentage
were measured by the TruCount Method (BD Biosciences, Germany).

Statistical analysis

Results

We compared characteristics and pQCT outcomes between CLWH and controls, and CLWH
on a LPV/r-based regimen compared to an efavirenz-based regimen. All analyses were
stratified by sex. Where applicable, a chi-squared or Fisher’s exact test was used to compare
proportions and t-test was used to compare means. Linear regression was used to adjust
comparisons between the CLWH and controls by sex, age, Tanner stage, and radial/tibial
length. A P-value <0.05 was considered statistically significant. All statistical analyses were
performed using SAS (version 9.4; SAS Institute, Cary, North Carolina, USA).

Characteristics of the 172 CLWH on ART and 98 controls with pQCT scans are shown in
Table 1. At the time of scan, CLWH (50% male) and controls (62% male) were an average
of 10.2 and 10.8 years of age, respectively (range 7.8 years to 14.2 years). Among boys,
94.2% of CLWH and 88.5% of controls were in Tanner Stage 1 or 2 (p=0.22). Among girls,
87.2% of CLWH and 73.0% of controls were in Tanner Stage 1 or 2 (p=0.054). Among
CLWH, 122 (70.9%) were on an efavirenz-based regimen, 49 (28.5%) on a LPV/r-based
regimen, and 1 on an atazanavir/ritonavir-based regimen. For nucleoside backbones, most
children (95%) were on lamivudine/abacavir, 7 (4.1%) were on lamivudine/zidovudine, and
2 (1.2%) on lamivudine/stavudine. No children received a tenofovir-containing regimen.
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CLWH had been on ART for an average of 9.5 years (range 6.3 to 12.8). At the time of
evaluation, 93% of CLWH had a plasma HIV-1 RNA concentration <400 copies/mL and a
mean CD4 percentage of 37.3.

pQCT scans were obtained for all participants except 4 CLWH at the radius and 2 CLWH

at the tibia. CLWH had a lower radial length (boys: 208 vs. 216 mm, p=0.018; girls: 207.1
vs. 218.9 mm, p=0.002) and tibial length (boys: 299 vs. 327 mm, p<0.001; girls: 300 vs. 330
mm, p<0.001). Trabecular area of the radius and tibia, as well as cortical area of the tibia
were smaller in male and female CLWH compared to controls (Table 2).

As shown in Table 2, male CLWH had a lower trabecular vBMD of the radius than
controls (221 vs. 235 mg/cm3, p=0.045). This finding remained after adjustment for age,
radial length, and Tanner stage (B=—17.3, SE=7.2, p=0.018). Trabecular vBMD of the tibia
was also lower in male CLWH (p=-7.2, SE=8.5, p=0.40), but not statistically significant.
Trabecular vBMD of both the radius and tibia did not differ between female CLWH and
controls.

A trend towards higher cortical vBMD of the tibia was seen in female CLWH compared
with controls (1094 vs. 1080 mg/cm3, p=0.08), including after adjustment for age, tibial
length, and Tanner stage (p=0.038). In boys, cortical vBMD of the tibia did not differ
between groups.

Cortical thickness was lower in both male CLWH (3.38 vs. 3.67 mm, p=0.003) and

female CLWH (3.27 vs. 3.56 mm, p=0.004) compared with controls. In adjusted analyses,
cortical thickness remained lower in males (8=—0.15, SE=0.08, p=0.056) and females
(B=-0.11, SE=0.08, p=0.13), although not statistically significant. Endosteal and periosteal
circumferences were significantly lower for male CLWH compared with controls after
adjustment for age, tibial length, and Tanner Stage and lower for female CLWH although not
significantly lower (Table 2).

Bone strength by polar SSI was lower in CLWH than controls (778 vs. 972 mm3, p<0.01);
this finding was consistent in boys and girls, even after adjustment after age and Tanner
Stage (Table 2).

pQCT results for CLWH by treatment group are presented in Table 3, stratified by sex.
Radial length, tibial length, trabecular area of the radius and tibia, and cortical area of the
tibia did not differ between male and female CLWH on a LPV/r-based regimen and those
on an efavirenz-based regimen. Cortical thickness was also similar between groups. CLWH
on a LPV/r-based regimen had lower trabecular vBMD (199 vs. 222 mg/cm3, p<0.001)
than those on an efavirenz-based regimen; this finding was consistent in boys (206 vs. 228
mg/cm3, p=0.014) and girls (191 vs. 216 mg/cm3, p=0.005). Similarly, CLWH on a LPV/
r-based regimen had lower cortical VBMD (1074 vs. 1093 mg/cm?3, p=0.004) than those on
an efavirenz-based regimen; this finding was consistent in boys (1069 vs. 1086 mg/cm?3,
p=0.056) and girls (1079 vs. 1100 mg/cm3, p=0.040). No difference in bone strength by
polar SSI was observed between treatment groups.
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Discussion

To our knowledge, this is the first study to examine bone microarchitecture by pQCT in

a cohort of CLWH living in sub-Saharan Africa who initiated ART early in life with well-
controlled HIV. Sex-stratified differences were noted in various pQCT parameters. Male
CLWH had reduced trabecular vBMD, cortical thickness, and bone strength than controls,
but no difference in cortical vBMD. Female CLWH had decreased cortical thickness and
bone strength, but higher cortical vBMD and no difference in trabecular vBMD compared
with controls.

We previously reported mean whole body BMC z-score by DXA was 0.17 lower for CLWH
than controls after adjustment for physical activity, dietary calcium and serum calcium
(p=0.03).[5] The deficits in structural bone parameters in CLWH detected by pQCT in the
current study provide additional insight into the reduced DXA-derived BMD observed in
this cohort. A study in Canada found Aigher cortical bone BMD z-scores by pQCT at the
tibia in CLWH (71% on ART) compared with a cohort of healthy controls, and pQCT
findings did not reflect deficits in bone outcomes in CLWH found with imaging by DXA.[13]
In addition to a mix of ethnicities, participants in this study were considerably older and a
greater proportion had undergone puberty than those in our study, possibly explaining the
different findings.

The reduced cortical thickness, lower trabecular vBMD, and bone strength among CLWH,
especially amongst the boys, in these largely pre-pubertal children are of concern with
respect to future bone health. Although limited, studies of young adults with HIV acquired
early in life suggest that the deficits in bone mineral accrual and bone architecture persist
and impair skeletal development, resulting in reduced peak adult bone mass and bone
strength. In a study by Yin and colleagues in New York City of 30 young African-American
and Hispanic men with HIV on ART and 15 controls without HIV aged 20-25 years (the
age when peak bone mass is typically attained), deficits in bone by high-resolution pQCT
in cortical and trabecular compartments were detected, as well as decreased bone stiffness,
which is a measure of bone strength.[18] These deficits place individuals at increased long
term risk for osteopenia and fractures, which is reported among older people living with
HIV.[19. 201 Of note, for male CLWH, decreased trabecular vBMD was observed at the radius
but not the tibia. It is possible that the weight-bearing site (tibia) may be stronger and

less affected by HIV than the non-weight bearing site (radius). We did not observe similar
patterns of reduced cortical thickness or lower trabecular vBMD in girls; sex differences
have been reported in other HIV studies, including pre-pubertal CLWH.[21. 22]

We found lower bone strength as measured by polar SSI in CLWH compared with controls.
While polar SSI is a parameter that has been shown to be an accurate and precise indicator
of long-bone bending strength and fracture risk in studies of adults,[23] its significance is not
as certain in children, since there are no data on whether SSI in children at this age predicts
fracture risk. One issue is that bone size, represented by area, thickness, and circumference,
is a major determinant of polar SSI. Given that we observed delayed maturation in female
CLWH, with only 10% of CLWH girls in Tanner stage 3-4 as compared with 27% of
controls, accounting for Tanner stage was necessary. While adjustment for age and Tanner
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stage mitigated the between-group differences in polar SSI in girls, polar SSI was still
significantly lower in female CLWH (p<0.05) even after this adjustment. Other estimates of
bone strength, such as finite element analysis or individual trabecular segmentation that are
not dependent upon bone size can be obtained with high resolution pQCT,[24-26] but polar
SSI was the only bone strength variable available for pQCT.

In addition, lower total vBMD by pQCT was found in CLWH on a LPV/r-based regimen
compared with those on an efavirenz-based regimen. These differences were reflected in
both lower trabecular vBMD at the radius and lower cortical vBMD at the tibia in the LPV/r
group, and are consistent with our previously reported findings of lower aBMD by DXA

in the LPV/r group.l] Of interest, bone strength SSI did not differ between the treatment
groups. Bone size did not differ between treatment groups, so it is possible that the relative
weight placed upon bone size by the polar SSI formula is greater than that of vBMD.
Without histomorphometric studies which require more invasive bone biopsy, insight into
the clinical significance of the pQCT differences observed between treatment regimen is
limited.

A strength of our study is the use of pQCT to obtain separate measures of bone strength
and architecture of the trabecular and cortical bone in CLWH in sub-Saharan Africa. In
addition, our study is strengthened by a control group of the same age with the same racial/
ethnic background and similar social conditions from the same community as the CLWH.
Measures of pubertal development were also taken into account. A longitudinal study will
provide a more thorough understanding of changes in bone architecture and strength during
skeletal maturation and whether deficits persist after puberty. Furthermore, to confirm that
deficits in bone strength occur in CLWH, fracture outcome data is essential.

In summary, we demonstrate differences in bone architecture and strength by pQCT in a
cohort of children living with HIV compared with controls in Johannesburg, South Africa.
Follow up of these children is critical to determine whether these differences will be
clinically significant as these children age. In addition, studies of interventions to normalize
bone growth and homeostasis and mitigate fracture risk, during childhood and adolescence,
which are critical periods for bone mineralization and skeletal development, are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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