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Abstract

Introduction: People living with HIV (PLWH) have increased risk of osteoporosis and fractures.
However, studies assessing the main determinants of bone strength in the proximal femur exclude
this vulnerable population. We assessed the proximal femur of 40 PLWH and 26 age-matched
seronegative controls using quantitative computed tomography and magnetic resonance imaging.

Methods: We examined cortical volumetric bone mineral density (Ct.vBMD), trabecular vBMD
(Th.vBMD), cortical thickness (Ct.Th), bone marrow adiposity (BMA), and trabecular number,
separation, and bone volume fraction. Parametric comparisons between the two groups were done
for the femoral head, femoral neck, trochanter, and total hip using linear regression adjusting

for several covariates, including metrics of body composition. In addition, we investigated the
associations of BMA with Th.vBMD and trabecular microarchitecture with Spearman’s rank
partial correlations.

Results: PLWH had lower Th.vBMD and deteriorated trabecular microarchitecture in the
femoral neck, trochanter and total hip, and elevated BMA in the femoral head, femoral neck

and total hip. Ct.vBMD and Ct.Th were not significantly different between the two groups. BMA
was significantly associated with lower Th.vBMD and deteriorated trabecular microarchitecture in
both groups albeit at different femoral regions.
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Conclusions: Our findings suggest that the trabecular, and not the cortical, compartment is
compromised in the proximal femur of PLWH. The observed impairments in fracture-prone
regions in PLWH indicate lower femoral strength and suggest higher fracture risk. The inverse
associations of BMA with trabecular bone density and microarchitecture quality agree with
findings at other anatomic sites and in other populations suggesting that excess BMA possibly
due to a switch from the osteoblast to the adipocyte lineage may be implicated in the pathogenesis
of bone fragility at the femur in PLWH.

Mini Abstract

People living with HIV (PLWH) have increased risk of osteoporosis and fractures. We assessed
the proximal femur of PLWH and age-matched seronegative controls using quantitative computed
tomography and magnetic resonance imaging. Results suggest that the trabecular compartment is
compromised at fracture-prone regions in the proximal femur of PLWH.

Keywords

HIV infection; bone mineral density; cortical bone thickness; bone marrow fat; bone
microarchitecture

Introduction

The effectiveness of antiretroviral therapies (ARTS) has significantly increased the life
expectancy in adults with human immunodeficiency virus-1 (HIV) infection. Unfortunately,
the longer life-span in people living with HIV (PLWH) is accompanied by several
comorbidities, including cardiovascular disease, cancer, diabetes mellitus, liver disease,

and renal dysfunction [1]. Bone fragility is also being increasingly recognized as another
significant comorbidity of HIV infection and treatment, with a number of cross-sectional
studies reporting that PLWH have reduced spine and hip areal bone mineral density (aBMD)
derived from dual-energy X-ray absorptiometry (DXA) [2-6], and meta-analyses confirming
that PLWH have increased risk of fracture [7, 8].

Bone strength is determined by its density and quality, including bone microarchitecture.
Although aBMD is the clinical standard to assess osteoporosis and fracture risk, aBBMD is

a two-dimensional (2D) parameter that cannot distinguish between cortical and trabecular
bone, and does not provide bone microarchitecture, volumetric BMD (vBMD), or cortical
bone thickness quantification. There is increasing evidence that HIV infection and its
treatment impact the quality of bone, increasing the fracture risk of PLWH, even without
changes in aBMD [9]. Most of the existing data on bone quality in PLWH comes from
high-resolution peripheral quantitative computed tomography (HR-pQCT) studies assessing
the distal radius and tibia [9-13]. However, the proximal femur is an important anatomical
site for fracture, as femoral fractures are usually accompanied with high morbidity and
mortality. Central QCT offers the capability to perform 3D assessments of compartmental
vBMD - i.e., trabecular and cortical vBMD - and cortical bone thickness at the proximal
femur. Magnetic resonance imaging (MRI) is the only imaging modality enabling the in-vivo
visualization and quantification of trabecular bone microarchitecture at the proximal femur.
Furthermore, MRI enables accurate in-vivo assessments of bone marrow adiposity (BMA),
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essential for examining the etiology of bone fragility [14]. Nevertheless, studies taking
advantage of the 3D capabilities of QCT and MRI [9] to assess determinants of bone
strength at the proximal femur and improve our understanding of bone fragility in PLWH
are limited. In fact, to the best of our knowledge, there are no QCT studies assessing the
proximal femur of PLWH.

The association of BMA with lower BMD [15], and the evidence that BMA increases

with age [16, 17], menopause [18] and osteoporosis [19, 20], as well as decreasing in
response to osteoporosis treatments [21, 22], have resulted in studies investigating BMA
as an imaging biomarker of bone fragility. In addition to the well-established magnetic
resonance spectroscopy (MRS) techniques, which enable assessments of bone marrow fat
content and composition within low-spatial resolution volumes of interest, recent advances
in MRI pulse sequence development and reconstruction algorithms now enable fast and
accurate spatial assessments of BMA with high-spatial resolution using chemical-shift
encoding-based water-fat separation techniques [23, 24]. These techniques generate an
image, which is a proton density fat fraction (PDFF) map, i.e., a spatial representation

of the signal arising from fat protons divided by the sum of the signals from fat and water
protons. BMA assessments derived from chemical-shift encoding-based water-fat separation
techniques have been proven to be as accurate as those derived from MRS at the proximal
femur [23], and have been validated with cadaveric trabecular bone phantoms where the
marrow spaces were filled with water-fat gelatin of known fat fractions [24]. While studies
have reported an inverse association between BMA and BMD [14, 15, 25], this association
has not been fully explored at the proximal femur, especially in PLWH. Furthermore, the
associations of BMA with trabecular bone microarchitecture at the proximal femur are
completely unknown.

The aim of this study was to perform a comprehensive multiparametric assessment of bone
density, quality, and marrow adiposity at the proximal femur in PLWH to improve our
understanding of bone fragility in this vulnerable population. We used QCT to measure
cortical vBMD, trabecular vBMD, and cortical bone thickness, and MRI to measure BMA
and trabecular bone microarchitecture in 40 PLWH and 26 age-matched seronegative
(SN) controls. We compared bone properties between the two groups and investigated

the associations of BMA with trabecular vBMD and trabecular bone microarchitecture

in each group. Based on our preliminary results [9] and the scientific literature [13],

we hypothesized that PLWH have lower cortical and trabecular vBMD, thinner cortical
bone, greater BMA, and worse trabecular bone microarchitecture quality at the proximal
femur with respect to SN controls. We also hypothesized that BMA is inversely related to
trabecular vBMD and quality of trabecular bone microarchitecture in both PLWH and SN
controls.

Materials and Methods

The current HIPAA compliant study was approved by the institutional review boards of

the participating institutions and conducted in accordance with their regulations. Informed
consent was obtained from all participants in the study, and the analyses were performed on
de-identified data.
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2.1 Study Participants

This cross-sectional study included 40 PLWH and 26 SN controls. Participants were
recruited over a 4-year period from the UCSF and San Francisco community, and via
targeted recruitment through 1) the UCSF 360: Positive Care Center, 2) Zuckerberg

San Francisco General Hospital, and 3) the Women’s Interagency HIV study (WIHS)
participant cohort. The target age range for enrollment was 50-70 years, and SN controls
were frequency matched for age (5-year bins). All seropositive participants had known
infection for =7 years, were on a stable tenofovir-based ART regimen in the prior year,
with HIV RNA < 40 copies/ml. Participants were excluded if they were pre- or peri-
menopausal (last menses < 3 years), or had chronic diseases (other than HIV infection)
associated with poor bone quality such as diabetes mellitus, rheumatologic diseases,
chronic kidney disease, malabsorption syndromes or hepatitis C virus infection. Participants
treated with medications known to impact bone and mineral metabolism, including use of
bisphosphonate or teriparatide in the last year or for >12 months ever, current calcitonin,
prednisone >5 mg daily or the equivalent glucocorticoid for >10 days in the last 3

months, current thiazolidinedione (TZD), thyroid hormone replacement with current thyroid
stimulating hormone < 0.1 mIU/L, hormonal contraceptives, or hormone replacement were
also excluded. Additional exclusion criteria included BM1>35 kg/m? due to MRI image
quality restrictions, fracture within the previous 5 years at either hip, lumbar spine, distal
tibia, or distal radius, surgery at the imaging site, an episode of immabilization lasting
longer than one week in the previous six months, and conditions excluded by X-ray or
MRI safety guidelines [12]. Height measured with a stadiometer, weight with a scale, and
self-reported race were recorded.

Imaging

2.2.1 QCT—-Bilateral hip acquisitions for all participants were done with a GE CT
scanner (GE Light Speed VVCT; GE Medical Systems, Wakesha, WI, USA) for vBMD and
cortical bone thickness quantification. Patients were in supine position and images were
obtained from the top of the acetabulum to 3 cm below the lesser trochanter. A calibration
phantom (Mindways Software, Austin, TX, USA) was placed under the CT table at the time
of scanning to calibrate the scans to equivalent concentrations of KoHPO, in mg/cm3. The
scanning protocol was 120 kVp, 200 mAs, 50 x 50 cm? field of view (FOV), matrix size

of 512 x 512, standard reconstruction kernel, and an average of 101 slices per participant.
Images were reconstructed to voxel sizes of 0.977 x 0.977 x 1.25 mm3.

QCT scans for body composition assessments were also obtained as single 10-mm thick
acquisitions in the abdominal area (mid-L4 vertebra) and mid-thigh with 120kVp, 300 mAs,
50 x 50 cm? FOV, matrix size of 512 x 512, and the standard soft tissue reconstruction filter.
The full QCT acquisition time was ~10 minutes.

2.2.2 MRI—Images of the non-dominant proximal femur were obtained for all
participants with a 3 Tesla GE MRI scanner (Discovery MR 750; GE Medical Systems,
Wakesha, WI, USA). Coronal-oblique images for clinical, BMA, and trabecular bone
microarchitecture assessments were obtained.

Osteoporos Int. Author manuscript; available in PMC 2023 August 01.
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For clinical assessments, 3D fast spin echo images with T, weighting were obtained using a
GE CUBE sequence. Imaging parameters included TR = 1,200 ms, TE = 20 ms, FOV = 15.3
x 15.3 cm?, receiver bandwidth = 50 kHz, frequency direction = S/I, number of averages =
1, slice thickness = 0.8 mm, and a matrix size of 192 x 192 yielding isotropic voxel sizes of
0.8 x0.8 x 0.8 mm3, with ~7 minutes of acquisition time.

For BMA quantification, chemical shift-based water-fat separation was used based on

a 3D spoiled gradient-recalled echo (SPGR) sequence with six echoes and an iterative
decomposition of water and fat with echo asymmetry and least-squares estimation (IDEAL)
reconstruction algorithm [23]. Imaging parameters included TR = 8.616 ms, TE/ATE =
3.246/1.0 ms, FOV = 12 x 12 cm?, receiver bandwidth = 62.5 kHz, frequency direction =
S/1, no phase-wrap on, number of averages = 1, a flip angle of 3° to minimize T1-bias effects
[23], slice thickness = 1.5 mm, and a final in-plane voxel size of 0.469 x 0.469 mm2, with
~4 minutes of acquisition time.

For trabecular bone microarchitecture quantification, high-spatial resolution MR images of
the proximal femur were acquired using a 3D fully balanced steady-state free precession
(bSSFP) pulse sequence with two phase-cycled acquisitions. Imaging parameters included a
TR = 13.216 ms, TE = 4.576 ms, flip angle = 60°, FOV = 12 x 12 cm?, acquisition matrix =
512 x 512, slice thickness = 0.5 mm, and a final in-plane spatial resolution of 0.234 x 0.234
mm?Z, with ~20 minutes of acquisition time.

2.2.3 DXA—DXA acquisitions were also performed to assess total hip and femoral neck
aBMD using a Horizon A scanner (Hologic, Marlborough, MA, USA). Areal BMD was
measured in g/cm? and T- and Z-scores were provided.

Image Analysis

2.3.1 QCT - vBMD and Cortical Bone Thickness—After image calibration, the
analysis of QCT scans was performed using the pipeline described by Carballido-Gamio

et al. [26] which enables the automatic segmentation of proximal femora and cortical

bone, quantification of vBMD and cortical bone thickness (Ct.Th), and prescription

of volumes of interest defining the femoral head, femoral neck, and trochanteric

region (Figure 1A-1C). Therefore, for each participant we calculated cortical vBMD
(Ct.vBMD; mg/cm3), trabecular vBMD (Th.vBMD; mg/cm3), integral vBMD (Int.vBMD,
i.e., Ct.vBMD and Th.vBMD; mg/cm3), and Ct.Th (mm) for the femoral head, femoral neck,
trochanteric region, and total hip (femoral head, femoral neck and trochanteric region). The
reproducibility of the vBMD and cortical bone thickness assessments as implemented in this
study, and expressed as CVRrs, are under 1.7% and 2.7%, respectively [26].

Visceral adipose tissue (VAT), abdominal subcutaneous adipose tissue (Ab-SAT), and thigh
SAT areas were computed using software developed at the University of California, San
Francisco. VAT was manually distinguished from SAT by tracing along the fascial plane
defining the internal abdominal wall. Adipose areas in cm? were calculated by multiplying
the number of pixels by the pixel area [27].

Osteoporos Int. Author manuscript; available in PMC 2023 August 01.
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2.3.2 MRI - BMA and Trabecular Bone Microarchitecture—PDFF maps
representing BMA were automatically computed in the MRI console using the IDEAL
algorithm [28]. The reconstruction accounted for multiple peaks in the fat spectrum and
performed T,*[29] and T, corrections [23]. PDFF maps were exported for analyses

(Figure 1D). The QCT femoral segmentations, cortical bone segmentations, and volumes

of interest were transferred to the BMA maps and high-spatial resolution scans using

image registration, effectively enabling multiparametric assessments from different imaging
modalities at corresponding anatomical regions across all participants in the study. To

make sure that BMA and trabecular bone microarchitecture assessments did not include
cortical bone, we dilated (~1.6 mm) the cortical bone segmentations to remove the

outer layers of the trabecular bone compartment in the MRI scans (Figures 1D-11).
Automatic coil correction by nonparametric nonuniform intensity normalization (N3) [30]
was applied to the high-spatial resolution scans optimizing the proximal femur by providing
the femoral segmentations to the N3 algorithm. Trabecular bone was then segmented

from the N3-corrected high-spatial resolution scans using a new segmentation approach
based on multi-scale structural filtering and adaptive thresholding. Briefly, multiscale

bone enhancement was performed as previously described by Folkesson et al. (3 scales)
[31]. Bone enhancement features at each scale were then thresholded with a 3D adaptive
algorithm using local first-order statistics [32], and the results were aggregated to generate
a binary representation of the trabecular bone microarchitecture (Figure 11). For each
participant, we calculated mean BMA (%), trabecular number (Th.N; 1/mm) [33], trabecular
separation (Th.Sp; mm) [33], and trabecular bone volume fraction (Th.BVF; unitless) for the
femoral head, femoral neck, trochanteric region, and total hip. The reproducibility of BMA
measurements, expressed as an absolute precision error for the proton density fat fraction,
has been reported in the range of 1.45% for the lumbar vertebral bodies [34, 35], while the
CVRwis for Th.BVF using a bone-enhancement fuzzy clustering technique — with the same
multi-scale structural filtering as in the algorithm used in this study — was reported as 2%
[31].

2.4 Statistical Analysis

Statistical analysis was performed using MATLAB (The MathWorks, Inc. Natick, MA,
USA) and R. Participant characteristics were compared between the two groups using
Mann-Whitney tests for continuous variables and Fisher's exact tests for categorical
variables. QCT, MRI and DXA parametric comparisons were performed for each femoral
region using linear regression models with imaging parameters as the dependent variable,
HIV status as the independent variable, and height, sex, race (White, Asian, Black,
Unknown/Not reported), VAT, and Ab-SAT as covariates. The purpose of the adipose

tissue covariates was to adjust for body composition differences including lipodystrophy
secondary to HIV-infection and ART [36]. In addition, adjusting for VAT and Ab-SAT,
instead of BMI, allows us to take into account both differences in weight and differences

in the distribution of weight. The associations of BMA with trabecular vBMD and

each parameter assessing trabecular bone microarchitecture (Th.N, Tbh.Sp, Th.BVF) were
evaluated within each group using Spearman’s rank partial correlations adjusting for height,
sex, race (White, Asian, Black, Unknown/No-reported), VAT, and Ab-SAT. Differences in
the strength of the correlation coefficients between the two groups were evaluated using the

Osteoporos Int. Author manuscript; available in PMC 2023 August 01.
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Fisher’s z transformation. Statistical analyses were computed with a two-sided 0.05 level of
significance.

3. Results

The quality control assessments for the QCT and MRI acquisitions yielded two corrupted
BMA maps (both from the PLWH group), and 13 high-spatial resolution MR images with
motion or noise artifacts (7 PLWH and 6 SN controls) that had to be excluded from the
analyses. In addition, there was one DXA scan missing (from the PLWH group). All QCT
scans were deemed to be of good quality for analysis. Race was unknown or not reported
for 2 SN controls and 4 PLWH. Table 1 shows the participant characteristics for the 26 SN
participants and 40 PLWH included in this study. None of the participants have a history
of hip fracture. Only VAT between the two groups or their subsets (due to the exclusion

of unusable MRI or DXA scans) manifested significant differences. A sensitivity analysis
comparing the variables listed in Table 1 between participants included and excluded in the
BMA, trabecular bone microarchitecture, and correlation assessments (Appendix Table 6)
yielded non-significant differences.

Table 2 summarizes the results for DXA aBMD, while Table 3 summarizes the results for
QCT vBMD and cortical bone thickness. PLWH had significantly lower total hip aBMD,
trabecular vBMD at the femoral neck, trochanteric region and total hip, and integral vVBMD
at the trochanteric region. However, none of the QCT parameters were significantly different
between the two groups at the femoral head, and none of the cortical bone parameters
(Ct.vBMD and Ct.Th) yielded significant differences between the two groups at any region.

With respect to BMA, PLWH had significantly elevated BMA at the femoral head, femoral
neck and total hip, but not at the trochanteric region, where only a trend of elevated BMA
values was observed (Table 4).

Results for trabecular bone microarchitecture are summarized in Table 4, where it can

be observed that PLWH had significantly lower trabecular number at the femoral neck,
significantly higher trabecular separation at the femoral neck and trochanteric region, and
significantly lower trabecular bone volume fraction at the trochanteric region and total hip,
but no significant differences in trabecular bone microarchitecture at the femoral head with
respect to SN controls.

Table 5 summarizes the partial correlations of BMA with trabecular vBMD and trabecular
bone microarchitecture parameters for each group, as well as the differences in the strength
of the correlation coefficients between the two groups. BMA was significantly negatively
correlated with trabecular vBMD in the femoral head and neck of SN controls, and in the
femoral neck, trochanteric region, and total hip of PLWH. However, the correlations were
only significantly different between the two groups (stronger in SN controls) in the femoral
head. BMA also manifested significant associations with trabecular bone microarchitecture
in the femoral neck of SN controls (Th.N), and in the trochanteric region (Th.N, Th.Sp,
and Th.BVF) and total hip (Th.N, Th.Sp, and Th.BVF) of PLWH. These associations were
negative with trabecular number and bone volume fraction, and positive with trabecular
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bone separation. However, the strengths of the associations of BMA with trabecular bone
microarchitecture were not significantly different between the two groups.

4. Discussion

To identify appropriate interventions to prevent or mitigate HIV-related bone fragility

it is necessary to understand the pathophysiology underlying bone density, quality and
microenvironmental changes in this vulnerable population. In this study, we used QCT and
MRI to perform 3D comprehensive multiparametric assessments of the proximal femur

in PLWH and SN controls. These assessments included vBMD, cortical bone thickness,
trabecular bone microarchitecture, and BMA. Our analyses showed that PLWH have
significantly lower trabecular vBMD, worse trabecular bone microarchitecture, and greater
BMA compared to SN controls, and that these impairments are spatially heterogenous. Our
results also showed that BMA is significantly correlated with trabecular bone impairments,
i.e., low trabecular vBMD and bone quality. However, the significance of these associations
and their strength differed by region between the two groups. We hypothesized that PLWH
have lower cortical and trabecular vBMD, thinner cortical bone, greater BMA, and worse
trabecular bone microarchitecture quality at the proximal femur with respect to SN controls.
We also hypothesized that BMA is inversely related to trabecular vBMD and quality of
trabecular bone microarchitecture in both PLWH and SN controls. Therefore, findings
reported in this study validated most of our hypotheses, except for the cortical bone
assessments.

The literature addressing fracture risk in PLWH is mostly based on DXA-derived aBMD.
While several studies have reported reduced aBMD in PLWH [37], only four of 11

women with HIV and fractures had osteoporotic aBMD values in the study of McComsey
et al. [38] Furthermore, in the study of Prior and colleagues [39] women with HIV

(n=138) had an increased incidence of fragility fractures despite similar aBMD as controls
(n=402). Similarly, although our results showed that PLWH had significantly lower total
hip aBMD than SN controls, femoral neck aBMD was similar between the two groups.

By contrast, our QCT analysis showed that PLWH have significantly lower femoral neck
Th.vBMD. These findings suggest that QCT may be a more accurate imaging modality to
investigate the etiology of bone fragility. With respect to cortical vBMD, our results were
unexpected. Based on most of the DXA literature reporting reduced hip aBMD in PLWH,
we hypothesized that both cortical and trabecular vBMD would be reduced in PLWH. As
this is the first study to measure vBMD in the proximal femur of PLWH, we cannot compare
our results to other studies. To our knowledge, only two other studies have assessed vBMD
with QCT in PLWH but in the lumbar [40] and thoracic [41] spine. In the longitudinal
study of Grund et al., 12-month decreases in lumbar spine trabecular vBMD (L2-L4)

were reported in response to continuous ART [40], while in the cross-sectional study of
Thomsen et al., HIV status was not associated with thoracic vBMD (three consecutive
thoracic vertebrae starting with the vertebra in level with left main coronary artery) in
univariable or multivariable linear analyses [41]. However, our QCT findings underscore
the relevance of 3D compartmental vBMD analyses, and by showing reduced trabecular
vBMD in fracture-prone regions (femoral neck and trochanter), our study provides a partial
explanation of the increased bone fragility reported in PLWH [7, 8].

Osteoporos Int. Author manuscript; available in PMC 2023 August 01.
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As bone strength is determined by its mineral density, quality, and microenvironment, and
studies have reported increased fracture risk in PLWH even without changes in aBMD

[9], we hypothesized that bone microarchitecture — a factor of bone quality — and bone
marrow adiposity — a component of the bone microenvironment — should play central roles
on bone fragility in this population. The scientific literature addressing the associations of
BMA with HIV infection is limited to two studies. Huang et al. used MRS to measure
intravertebral BMA (L3-L5) in 15 men with HIV (39+5 years) and 9 age- and BMI-matched
healthy control participants (3948 years) [42]. The authors reported that intravertebral BMA
was significantly lower in the group with HIV (28.5+8.0 %) compared with SN controls
(37.3+12.5 %). Interestingly, the authors also reported significantly lower lumbar spine
aBMD in the group with HIV. In the second study — by the same group of researchers —
proton spectroscopic imaging was used to assess vertebral BMA (L3-L5) in 20 men with
HIV (38.5+5.2 years) and 15 men without HIV (36.7+8.0 years) [43]. The investigators
again reported lower BMA in the group with HIV (2948 %) compared to those without
HIV (40+12 %). The findings of these two studies are in contrast to published studies in
other non-HIV patient cohorts showing an inverse association of high BMA with low bone
density and quality. They are also in conflict with our findings, which show that PLWH have
higher BMA than SN controls at the proximal femur. When interpreting this discrepancy;,

it is important to note that in the other two studies as well as this study, BMA was of

the regulatedtype (lumbar spine, femur and proximal tibia), which is more dynamic and
responsive to hormonal and nutritional changes than constitutive BMA (distal tibia) [14].
This discrepancy could be due in part to differences in the characteristics of the participants
(older men and women in our study vs. young men in the other), time on stable ART
regimen (= 1 year vs. =12 weeks), type of ART regimen (tenofovir-based ART vs. not
reported) time of infection (=7 years vs. not reported), statistical analyses (adjustments for
several covariates vs. no adjustments), or to the number of participants (38 PLWH and 26
SN controls vs. 15 PLWH and 9 SN controls vs. 20 PLWH and 15 SN controls). However,
our results are in agreement with the literature on aging, osteoporosis and fracture risk,
where an imbalance of stromal cell lineage determination in favor of increased adipogenesis
and decreased osteoblastogenesis has been reported [44, 45]. Furthermore, in the setting

of HIV infection, the HIV virus interferes with p-catenin in the Wnt signaling pathway
responsible for stromal cell lineage determination [46]. The inhibition of the Wnt pathway
alters the balance of common progenitor lineage determination in favor of increased
adipogenesis and decreased osteoblastogenesis [47], which would lead to increased BMA
and impairments in bone microarchitecture.

In terms of bone microarchitecture, there are no studies in the literature reporting cortical
bone thickness in the proximal femur of PLWH, and the only existing study assessing
trabecular bone microarchitecture in the proximal femur of PLWH is from our research
group. In our previous work, we reported trabecular bone microarchitecture impairments in
men with HIV (n=8) compared with SN control men (n=11) at different femoral regions.
However, these impairments were attenuated and no longer significant after adjusting

for BMI [9]. In the current study, we also identified trabecular bone microarchitecture
impairments in PLWH at different femoral regions. However, these impairments prevailed
even after adjustments for several covariates, including metrics of body composition. It is
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interesting to note that BMA and microarchitectural analyses were also performed without
adjustments for VAT and Ab-SAT yielding different A-values, but without changes in the
significance of the results. While studies assessing bone quality at the proximal femur of
PLWH are limited, we identified four studies investigating bone microarchitecture at the
distal extremities of older PLWH using HR-pQCT. However, these studies have reported
conflicting results. In a study of postmenopausal Hispanic and African American women
with (n=46) and without (n=60) HIV, Yin et al. reported that lower cortical bone thickness
and area at the tibia were the only differences detected between the two groups [10]. In
contrast, in the cross-sectional study of Biver et al., in addition to lower cortical area at
the distal tibia, HIV-positive men (n=28) had lower total vBMD and trabecular vBMD

at the distal tibia, and lower total vBMD, trabecular vBMD, trabecular number, cortical
thickness and area, and higher trabecular separation at the distal radius compared with
HIV-negative men (n=112) [11]. In a more recent study by Kazakia et al., men with HIV
(n=20) showed significantly lower trabecular number and higher trabecular separation at
both the distal radius and tibia compared with age- and BMI-matched uninfected control
men (n=18) [9]. And in the most recent study by Macdonald et al., postmenopausal women
living with HIV (n=50) showed lower trabecular vBMD and thickness at the distal radius,
and lower trabecular vBMD at the distal tibia compared with SN controls (n=50). No
significant differences in cortical vBMD and area were detected between the two groups
[13]. Nevertheless, results of our bone quality analyses indicate that PLWH manifest
trabecular bone microarchitecture impairments at fracture-prone regions (the femoral neck
and trochanteric regions). As these regions also showed impairments in trabecular vBMD
and BMA in PLWH, our study provides unique and novel data to explain the bone fragility
observed in PLWH [7, 8]. As HIV studies with larger sample sizes report impairments

of trabecular bone microarchitecture in the proximal femur of PLWH — especially in

the presence of non-osteoprotic T-scores — MRI-based trabecular bone microarchitectural
assessments might become clinically relevant.

The directionality of the associations of BMA with trabecular vBMD and bone
microarchitecture yielded by the partial correlation analyses was as expected [14, 15,

25], i.e., BMA was negatively associated with Th.vBMD and improved trabecular bone
microarchitecture. The most interesting findings in these analyses were the differences in
strength of the associations at each femoral region — albeit not significant — between the

two groups. These results indicate spatially differential effects of HIV infection on vBMD,
trabecular bone microarchitecture, and BMA. Additional observations were the lack of
significant associations of BMA with trabecular bone microarchitecture at the femoral head
in both groups — perhaps due to the modest sample sizes — and the differences in strength of
the associations between femoral regions within each group. These within-group differences
could be partly explained by the structural adaptation of the proximal femur to sustain the
most common loading conditions in daily life such as standing and walking. This adaptation
translates into a much thicker inferior than superior cortex [48], and a trabecular network
positioned to resist and transmit weight-bearing directed loads [49, 50]. The associations of
BMA with trabecular vBMD and trabecular bone microarchitecture are therefore expected
to be spatially heterogenous. These results also suggest that BMA provides information
independent of trabecular vBMD and bone microarchitecture and underscore the relevance
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of spatial assessments in addition to global analyses to improve our understanding of bone
fragility in this vulnerable population.

This study has several strengths. This is the first study to simultaneously assess key
determinants of bone strength (density, quality, and microenvironment) in the same
individuals and at an anatomical site of utmost importance with respect to osteoporosis
assessment and fracture risk, i.e., the proximal femur. This is also the first study to assess
vBMD, cortical bone thickness and BMA at the proximal femur in PLWH, and the first
study to explore the associations of BMA with trabecular vBMD and microarchitecture

at the proximal femur. However, this study also has four major limitations. First, its cross-
sectional nature limited our interpretations to associations instead of causations. Second, the
imbalance in the number of women and men between the two groups (54% women in the
SN group vs. 30% in the PLWH group) made us adjust for sex in our statistical analyses,
and precluded analyses stratified by sex, which might be relevant particularly for BMA as
this has been shown to increase in women during menopause [18]. Third, with the majority
of participants being recruited from the San Francisco Bay Area, our results may not be
generalizable to other populations, including other ethnicities or even other white groups
with different characteristics. And fourth, the modest sample sizes impacted the power of the
study, and due to the large number of imaging parameters, we decided a priori not to correct
for multiple comparisons. Therefore, results should be interpreted with caution.

5. Conclusions

In conclusion, in this multiparametric and multimodality imaging study we observed that
PLWH had lower trabecular vBMD, worse trabecular bone microarchitecture, and higher
BMA at fracture-prone regions in the proximal femur compared to SN controls. We also
showed that BMA was significantly associated with lower trabecular vBMD and worse
trabecular bone microarchitecture quality in both groups albeit at different femoral regions.
Our findings suggest that the trabecular, and not the cortical, compartment is compromised
in the proximal femur of PLWH. The observed bone impairments in fracture-prone regions
in PLWH are indicators of lower femoral strength, suggesting a higher fracture risk in this
vulnerable population. The inverse associations of BMA with trabecular bone density and
microarchitecture quality are consistent with findings from other studies at other anatomic
sites and in other populations and suggest that excess marrow fat possibly due to a switch
from the osteoblast to the adipocyte lineage may be implicated in the pathogenesis of bone
fragility at the femur in PLWH. Future work will assess the associations between BMA and
BMA heterogeneity with body composition (VAT/SAT) to understand if BMA changes in
HIV are driven by HIV-associated lipodystrophy, as well as to understand the differential
effects of HIV on bone parameters with respect to bone strength.
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Appendix

Characteristics of the excluded participants for the different analyses in this study.

Table 6.

Participants excluded for BMA adiposity assessments.

SN controls  PLWH

n
Age (years)

Height (cm)

Weight (kg)

BMI (kg/m?)

VAT (cm?)

ADb-SAT (cm?d)

Thigh-SAT (cm?)

Normal T-score

Osteopenic T-score
Osteoporotic T-score
Absolute CD4 count (cells/uL)
Sex

Race - White

Race - Black

Race - Asian

Race - Unknown/Not reported

0 2

58 (54-62)

167.10 (156.40-177.80)
81.38 (67.50-95.25)
28.66 (27.59-30.13)
133.06 (99.46-166.65)
353.83 (250.76-456.90)
88.13 (48.28-127.99)

1
1
0

1097 (491-1703)

1 female

2

0
0
0

Participants excluded for trabecular bone assessments.

SN controls

PLWH

n
Age (years)

Height (cm)
Weight (kg)

BMI (kg/m?)

VAT (cm?)
Ab-SAT (cm?)
Thigh-SAT (cm?)
Normal T-score
Osteopenic T-score

Osteoporotic T-score

6

53.50 (50.00-67.00)
170.50 (160.90-180.10)
72.10 (58.20-101.20)
25.47 (21.15-31.20)
116.52 (32.09-174.12)
186.82 (57.13-454.68)
72.28 (39.21-125.56)
5

1

0

.
55.00 (52.00-66.00)
166.40 (156.40-180.20)
70.31 (54.00-112.60)
27.59 (20.73-34.68)
151.96 (54.24-266.47)
271.99 (91.64-459.04)
48.28 (25.58-129.27)

3

4

0
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Participants excluded for trabecular bone assessments.

SN controls PLWH
Absolute CD4 count (cells/uL) 757 (472-1052)
Sex 4 females 4 females
Race - White 3 3
Race - Black 1 2
Race - Asian 1 0
Race - Unknown/Not reported 1 2

Participants excluded for partial correlation assessments.

SN controls PLWH
n 6 8
Age (years) 53.50 (50.00-67.00) 54.50 (52.00-66.00)
Height (cm) 170.50 (160.90-180.10)  168.05 (156.40-180.20)
Weight (kg) 72.10 (58.20-101.20) 75.25 (54.00-112.60)
BMI (kg/m?) 25.47 (21.15-31.20) 27.72 (20.73-34.68)
VAT (cm?) 116.52 (32.09-174.12)  159.31 (54.24-266.47)
Ab-SAT (cm?) 186.82 (57.13-454.68)  284.76 (91.64-459.04)
Thigh-SAT (cm?) 72.28 (39.21-125.56) 85.97 (25.58-129.27)
Normal T-score 5 3
Osteopenic T-score 1 5
Osteoporotic T-score 0 0
Absolute CD4 count (cells/uL) 792.50 (472-1703)
Sex 4 females 4 females
Race - White 3 4
Race - Black 1 2
Race - Asian 1 0
Race - Unknown/Not reported 1 2

No significant differences were identified between the included and excluded participants using Mann-Whitney tests for
continuous variables and Fisher's exact test for T-score levels, sex, and race.
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Figure 1.

Representative coronal reformation of a QCT vBMD map of the proximal femur (A) with its
periosteal and endosteal boundaries (B), and volumes of interest (C). Representative coronal
slice of an MRI BMA map of the proximal femur (D) with the QCT volumes of interest
before (E) and after removing a dilated version of the QCT cortical bone segmentation

(F). Representative coronal slice of a high-spatial resolution MR image for trabecular bone
microarchitecture assessments (G) with the QCT volumes of interest excluding a dilated
version of cortical bone (H), and its corresponding trabecular bone segmentation (I).
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Table 1.
Participant characteristics
SN controls PLWH P-value
n 26 40
Age (years) 57 (50-67) 58 (50-69) 0.664
Height (cm) 168.45 (146.50-180.10)  170.35 (155.50-193.40)  0.147
Weight (kg) 70.30 (48.80-104.60) 75.40 (54.00-112.60) 0.090
BMI (kg/m?) 24.66 (18.22-34.00) 25.85 (20.09-35.61) 0.415
VAT (cm?) 83.80 (32.00-187.37) 12850 (40.32-367.80) ., abcde
Ab-SAT (cm?d) 196.11 (57.13-454.68) 237.27 (91.64-551.17) 0.720
Thigh-SAT (cm?) 63.78 (13.32-125.56) 47.89 (12.99-182.90) 0.270
Normal T-score 12 12 0.295
Osteopenic T-score 12 23 0.325
Osteoporotic T-score 2 4 1.000
Absolute CD4 count (cells/uL) 775.50 (316-1986)
Sex 14 females 12 females 0.072
Race - White 17 26 1.000
Race - Black 3 9 0.338
Race - Asian 4 1 0.074
Race - Unknown/Not reported 2 4 1.000

Values are reported as median (range) or as number of participants.

Mann-Whitney tests except for T-score levels, sex, and race where Fisher's exact test was used.

P<0.05:

aln complete set for vVBMD comparisons (26 SN Controls, 40 PLWH)

bln subset for BMA comparisons (26 SN Controls, 38 PLWH)
Dln subset for trabecular bone microarchitecture comparisons (20 SN Controls, 33 PLWH)
dln subset for partial correlations of BMA with trabecular bone microarchitecture (20 SN Controls, 32 PLWH)

e "
In subset for aBMD comparisons (26 SN Controls, 39 PLWH)

SN = seronegative

PLWH = people living with HIV
BMI = body mass index

VAT = visceral adipose tissue

Ab-SAT = abdominal subcutaneous adipose tissue

Thigh-SAT = thigh subcutaneous adipose tissue
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Table 2.
DXA aBMD

SN controls PLWH P-value

(n=26) (n=39) (Difference[95% Cl])
Femoral neck
aBMD 0.769 + 0.120 (0.784 £ 0.026)  0.742 +0.116 (0.727 £ 0.023)  0.061 (-0.057 [-0.117, 0.003])
Total hip
aBMD 0.942 +£0.147 (0.983 £ 0.030)  0.884 +0.138 (0.870 £ 0.027)  0.002 (-0.114 [-0.184, -0.044])

aBMD values are expressed in g/cm2

Linear regression adjusting for height, sex, race, VAT, and Ab-SAT.

Page 19

Unadjusted mean and standard deviation values are presented along with their estimated marginal means and standard errors in parentheses.

Adjusted mean differences with [95% confidence intervals (CI)] are presented in parentheses.

SN = seronegative
PLWH = people living with HIV

aBMD = areal bone mineral density
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Table 3.
QCT vBMD and cortical bone thickness

SN controls PLWH P-value

(n=26) (n=40) (Difference[95% CI])
Femoral head
Th.vBMD 198.35+24.18 (198.06 +5.27)  189.88 +21.91 (189.12 + 4.74)  0.151 (-8.94 [-21.25, 3.37])
Int.yBMD 246.54 + 37.43 (246.56 + 8.9) 235.21 +38.84 (233.29 £8.01)  0.207 (-13.27 [-34.08, 7.54])
Femoral neck
Th.vBMD 149.27 + 36.86 (148.59 + 8.34) 121.96 + 34.85 (121.65 + 7.51) 0.008 (-26.93 [-46.43, -7.43])
Ct.vBMD 680.14 + 39.95 (679.35 + 10.42)  666.13 + 44.38 (665.42 + 9.38) 0.257 (-13.93 [-38.30, 10.43])
Int.vBMD 325.45+58.94 (323.96 + 12.41) 29412 +53.71 (294.61+ 11.16)  0.047 (-29.36 [-58.36, —0.36])
Ct.Th 1.509 + 0.162 (1.53 + 0.05) 1,533 +0.222 (1.51 + 0.04) 0.840 (-0.01 [-0.01, 0.10])

Trochanteric region

Tbh.vBMD
Ct.vBMD
Int.vBMD
Ct.Th

129.13 + 32.89 (132.12 + 7.45)
674.68 +48.67 (675.66 + 10.67)
286.23 + 49.38 (290.56 +10.64)
1.622 +0.139 (1.65 + 0.03)

107.33 + 30.70 (105.78 + 6.70)
661.05 + 41.91 (659.32 + 9.60)
261.49 + 43.64 (261.40 + 9.57)
1.661 + 0.145 (1.65 + 0.03)

0.004 (-26.34 [-43.75, -8.93])
0.195 (~16.34 [-41.28, 8.61])
0.022 (-29.16 [-54.02, -4.29])
0.946 (0.003 [-0.08, 0.08])

Total hip

Tbh.vBMD
Int.wvBMD

156.46 + 28.10 (158.13 + 6.1)
275.49 + 42.98 (277.60 + 9.54)

138.59 + 25.05 (137.63 + 5.49)
255.09 + 40,51 (254.30 + 8.58)

0.006 (~20.51 [~34.76, —6.25])
0.041 (-23.30 [-45.60, —1.01])

vBMD values are expressed in mg/cm3.

Ct.Th values are expressed in mm.

Linear regression adjusting for height, sex, race, VAT, and Ab-SAT.
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Unadjusted mean and standard deviation values are presented along with their estimated marginal means and standard errors in parentheses.

Adjusted mean differences with [95% confidence intervals (Cl)] are presented in parentheses.

The cortical bone from the femoral head was excluded from the analyses due to its thinness.

SN = seronegative

PLWH = people living with HIV

Th.vBMD = trabecular volumetric bone mineral density

Int.vBMD = integral volumetric bone mineral density, i.e., cortical and trabecular vBMD

Ct.vBMD = cortical volumetric bone mineral density

Ct.Th = cortical thickness
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Table 4.

MRI BMA and trabecular bone microarchitecture

SN controls
(n=26", n=20"%)

PLWH
(n=38", n=33"%)

P-value
(Difference[95% Cl])

Femoral head

BMA 87.71 £5.15(88.97 £ 1.03) 90.63 +3.74 (91.63 £ 0.93) 0.033 (2.67 [0.22, 5.11])

Th.N 1.670 + 0.030 (1.666 + 0.009)  1.677 +0.039 (1.660 +0.008)  0.598 (~0.005 [-0.02, 0.01])

Tb.Sp 0.329 +0.009 (0.331 +0.003)  0.329 +0.012 (0.333 +0.002)  0.405 (0.002 [-0.003, 0.008])

Th.BVF 0.436 + 0.008 (0.436 + 0.002)  0.435 + 0.009 (0.434 +0.002)  0.353 (~0.002 [-0.006, 0.002])

Femoral neck

BMA 78.12 £7.05 (79.48 + 1.62) 84.46 +7.13 (85.46 + 1.46) 0.003 (5.97 [2.15, 9.80])

Th.N 1.626 + 0.045 (1.613 +0.014)  1.600 + 0.059 (1.575 +0.012)  0.014 (~0.04 [-0.07, -0.008])

Th.Sp 0.345 + 0.016 (0.350 + 0.006)  0.354 % 0.023 (0.362  0.005)  0.034 (0.01 [0.001, 0.02])

Th.BVF 0.421+0.012 (0.419 + 0.004)  0.418 = 0.016 (0.415 % 0.003)  0.270 (~0.004 [-0.01, 0.004])

Trochanteric region

BMA 80.84+6.86 (81.75+152)  83.75+593(85.18+1.37)  0.060 (3.44 [-0.16, 7.03])

Th.N 1.609 + 0.033 (1.601 + 0.014)  1.590 + 0.061 (1.572 +£0.012)  0.051 (~0.03 [-0.06, 0.00008])

Tb.Sp 0.343 £0.013 (0.347 £ 0.005)  0.352 +0.023 (0.360 + 0.005)  0.023 (0.01 [0.002, 0.02])

Tb.BVF 0.427 £0.011 (0.424 £ 0.004)  0.419 £ 0.016 (0.414 +0.003)  0.011 (-0.01 [-0.02, —0.002])

Total hip

BMA 83.39 +5.78 (84.48 + 1.22) 86.57 + 4.66 (87.82 + 1.10) 0.024 (3.34 [0.45, 6.22])

Th.N 1.499 + 0.049 (1.485 +0.017)  1.490 +0.064 (1.467 + 0.015)  0.310 (=0.02 [-0.05, 0.02])

Tb.Sp 0.370 +0.016 (0.374 + 0.005)  0.376 + 0.022 (0.383 + 0.005)  0.137 (0.008 [-0.003, 0.02])

Th.BVF 0.430 + 0.009 (0.428 + 0.003)  0.425 + 0.013 (0.422 +0.002)  0.035 (~0.006 [-0.01, —0.0005])
*

n for BMA

*ok

n for trabecular bone microarchitecture

BMA values are expressed in %

Th.N values are expressed in 1/mm

Tb.Sp values are expressed in mm

Tb.BVF values are unitless

Linear regression adjusting for height, sex, race, VAT, and Ab-SAT.
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Unadjusted mean and standard deviation values are presented along with their estimated marginal means and standard errors in parentheses.

Adjusted mean differences with [95% confidence intervals (Cl)] are presented in parentheses.

SN = seronegative

PLWH = people living with HIV

BMA = bone marrow adiposity

Tb.N = trabecular number

Tb.Sp = trabecular separation

Th.BVF = trabecular bone volume fraction
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Spearman’s rank partial correlations of BMA with trabecular vBMD and bone microarchitecture

Table 5.

SN controls PLWH PLWH vs.
SN controls
p (Unadjusted p) P-values p (Unadjusted p) P-values P-values
Femoral head
TbwBMD  -0.620 (-0.547)  0.005(0.004) -0.041(-0.074)  0.828 (0.658) 0.011 (0.044)
Tb.N -0.175(-0.206)  0.568 (0.382)  -0.271(-0.284)  0.191 (0.116)  0.740 (0.787)
Tb.Sp 0.129 (0.150)  0.674(0.525)  0.251(0.241)  0.227(0.183) 0.679 (0.757)
Th.BVF -0.294 (-0.250)  0.329 (0.287)  -0.227 (-0.150)  0.276 (0.411)  0.812 (0.734)
Femoral neck
TbwBMD  -0.478(-0.397)  0.038(0.046) -0.424 (-0.452)  0.017 (0.005) 0.705 (0.804)
Tb.N -0.643(-0.241)  0.018(0.305) -0.228 (-0.311)  0.274 (0.083) 0.082 (0.802)
Th.Sp 0.441 (0.230) 0.132 (0.328) 0.202 (0.299) 0.332(0.097)  0.380 (0.809)
Th.BVF -0.346 (-0.164)  0.247 (0.488)  -0.180 (-0.252)  0.389 (0.164)  0.558 (0.763)
Trochanteric region
TbwBMD  -0.238 (-0.374)  0.327 (0.061)  -0.452 (-0.432) ~ 0.011(0.007) 0.363 (0.794)
Th.N -0.050 (-0.158)  0.872 (0.505)  -0.549 (-0.389)  0.005 (0.028) 0.063 (0.410)
Th.Sp 0.135(0.147)  0.660(0.534)  0.585(0.389)  0.002(0.028) 0.080 (0.390)
Th.BVF -0.085(-0.229) 0.783(0.331) —0.518(-0.322)  0.008 (0.073) 0.110 (0.740)
Total hip
TbvBMD  -0.405(-0.487)  0.085(0.013) -0.387(-0.391)  0.031(0.016) 0.938 (0.660)
Th.N -0.367 (-0.475)  0.217 (0.036)  —0.453 (-0.447)  0.023(0.011) 0.735(0.907)
Tb.Sp 0.409 (0.526)  0.165(0.019)  0.591(0.484)  0.002(0.006) 0.424 (0.852)
Th.BVF -0.264 (-0.310)  0.384(0.184)  -0.543 (-0.334)  0.005 (0.062) 0.269 (0.929)

26 SN Controls and 38 PLWH for BMA vs. Th.vBMD.

20 SN Controls and 32 PLWH for BMA vs. trabecular bone microarchitecture.

All partial correlations adjusted for height, sex, race, VAT, and Ab-SAT.

Unadjusted Spearman correlations and their corresponding P-values are presented in parentheses.

Differences in the strength of correlation coefficients were assessed using the Fisher’s z transformation.

SN = seronegative

PLWH = people living with HIV

BMA = bone marrow adiposity

Th.vBMD = trabecular volumetric bone mineral density

Th.N = trabecular number

Th.Sp = trabecular separation

Tb.BVF = trabecular bone volume fraction
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