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Abstract

Romosozumab treatment in women with postmenopausal osteoporosis increases bone formation while decreasing bone resorption, resulting
in large BMD gains to reduce fracture risk within 1 yr. DXA-based 3D modeling of the hip was used to assess estimated changes in cortical
and trabecular bone parameters and map the distribution of 3D changes in bone parameters over time in patients from 2 randomized controlled
clinical trials: FRAME (romosozumab vs placebo followed by denosumab) and ARCH (romosozumab vs alendronate followed by alendronate).
For each study, data from a subset of ∼200 women per treatment group who had TH DXA scans at baseline and months 12 and 24 and had
provided consent for future research were analyzed post hoc. 3D-SHAPER software v2.11 (3D-SHAPER Medical) was used to generate patient-
specific 3D models from TH DXA scans. Percentage changes from baseline to months 12 and 24 in areal BMD (aBMD), integral volumetric BMD
(vBMD), cortical thickness, cortical vBMD, cortical surface BMD (sBMD), and trabecular vBMD were evaluated. Data from 377 women from
FRAME (placebo, 190; romosozumab, 187) and 368 women from ARCH (alendronate, 185; romosozumab, 183) with evaluable 3D assessments
at baseline and months 12 and 24 were analyzed. At month 12, treatment with romosozumab vs placebo in FRAME and romosozumab vs
alendronate in ARCH resulted in greater increases in aBMD, integral vBMD, cortical thickness, cortical vBMD, cortical sBMD, and trabecular
vBMD (P < .05 for all). At month 24, cumulative gains in all parameters were greater in the romosozumab-to-denosumab vs placebo-to-
denosumab sequence and romosozumab-to-alendronate vs alendronate-to-alendronate sequence (P < .05 for all). 3D-SHAPER analysis provides
a novel technique for estimating changes in cortical and trabecular parameters from standard hip DXA images. These data add to the accumulating
evidence that romosozumab improves hip bone density and structure, thereby contributing to the antifracture efficacy of the drug.
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Lay Summary

Osteoporosis is a chronic condition in which bones become weak and are more likely to break (fracture) with minimal force such as tripping
or falling. A fracture, especially in the elderly, is a serious condition that affects daily activities and quality of life. Romosozumab, an approved
medication for patients with osteoporosis, increases bone mass and bone strength thereby reducing fracture risk. In this study, 3D reproductions
of patients’ hip bones were generated from standard images of a bone density test with DXA from women in the FRAME clinical trial where
they received romosozumab or placebo for 12 mo followed by 12 mo of denosumab or the ARCH clinical trial where they received romosozumab
or alendronate for 12 mo, followed by 12 mo of alendronate. We found that patients treated with romosozumab for the first 12 mo had
significantly greater increases in bone strength compared with those who received placebo or alendronate. After 24 mo, total gains in bone
strength measurements were greater in patients treated with romosozumab first. Our study shows that DXA-based 3D modelling provides
a novel technique for examining changes in bone strength and supports the use of romosozumab to improve hip bone strength and reduce
fracture risk.

Introduction

Osteoporotic fractures are a consequence of deteriorated bone
strength resulting from loss of bone mass and compromised
bone microstructure,1-3 with hip fractures associated with
high mortality and morbidity.4,5 The efficacy of any

therapeutic agent for osteoporosis treatment depends on
its ability to increase bone strength and reduce fracture
risk,6-13 especially at the hip and spine.13 However, direct
measurement of bone strength in human subjects is not
feasible.14 Areal bone mineral density (aBMD), measured by
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2-dimensional (2D) DXA, is the most commonly used method
for assessing treatment effects of osteoporosis therapeutic
agents.13 Although aBMD correlates with bone strength,15 it
does not inform on all factors that determine bone strength,
such as changes in macrostructure and microarchitecture,
and also does not distinguish between effects on cortical and
trabecular bone compartments, which may be differentially
affected by different therapeutic agents.2,16-19

QCT is an alternative approach used to assess bone
strength.14,20 This technique can differentiate between the
effects of osteoporosis treatments on cortical vs trabecular
bone compartments. However, QCT is not widely available
in clinical practice and involves greater exposure to ioniz-
ing radiation than DXA. DXA-based 3-dimensional (3D)
modeling can potentially overcome the limitations of QCT.
DXA-based 3D modeling uses a statistical 3D shape and
density model of the proximal femur built from a database
of QCT scans to generate a patient-specific 3D model using
a standard hip DXA scan21,22 (Figure 1). DXA-based 3D
modeling also provides a way to map the distribution of
bone changes in cortical vs trabecular bone compartments
for studies with no QCT measurements and to generate
outputs for clinicians to visualize and monitor the effects
of osteoporosis treatment.23-25 Additionally, DXA-based 3D
modeling has been used to demonstrate the differential effects
of abaloparatide and teriparatide on hip cortical volumetric
bone mineral density (vBMD) and of abaloparatide on bone
strength,23,24 and the effects of sequential therapy with
abaloparatide followed by alendronate on the proximal femur
in postmenopausal women with osteoporosis.25

DXA-based 3D modeling has been validated, with high
correlation coefficients (R) reported between DXA-based 3D
modeling and QCT-based measurements for vBMD of the
cortical bone (R = 0.93) and trabecular bone (R = 0.86).21 In
addition, in a case–control study, DXA-derived 3D modeling
measurements were found to be associated with incidence of
hip fracture.26

Romosozumab is a bone-forming agent with the dual
effect of increasing bone formation and decreasing bone
resorption,27,28 and is approved in multiple countries
for the treatment of osteoporosis. Monthly subcutaneous
romosozumab 210 mg for 12 mo produced larger gains in
LS and TH aBMD by DXA27,29 and reduced the risk of
fractures compared with placebo in the Fracture Study in
Postmenopausal Women With Osteoporosis (FRAME)30 or
compared with alendronate in the Active-Controlled Fracture
Study in Postmenopausal Women With Osteoporosis at High
Risk (ARCH).31 These improvements were maintained when
romosozumab was followed by an antiresorptive; that is,
denosumab (a fully human monoclonal antibody against
RANKL) in FRAME30 or alendronate (a bisphosphonate) in
ARCH.31 QCT analysis in ARCH showed that romosozumab
treatment resulted in greater gains in cortical and trabecular
vBMD, BMC, and bone strength at the LS at months 6 and
12 compared with alendronate, with the most newly formed
bone accruing in the cortical compartment.32

Here, we report results from a post hoc analysis using DXA-
based 3D modeling of the hip to assess estimated changes
in cortical and trabecular bone parameters and to map the
distribution of 3D changes in the bone parameters over time
in patients from FRAME (romosozumab vs placebo followed
by denosumab)30 and ARCH (romosozumab vs alendronate
followed by alendronate).31

Figure 1. 3D model creation using standard hip DXA scans. DXA-based
3D modeling uses a statistical 3D shape and density model of the
proximal femur built from a database of QCT scans to generate a patient-
specific 3D model using a standard hip DXA scan. The color scale indi-
cates the anatomical distribution of the cortical surface BMD, expressed
in mg/cm2.

Patients and methods

Study designs and patients

The study designs for FRAME30 (NCT01575834) and
ARCH31 (NCT01631214) randomized controlled trials are
illustrated in Supplementary Figure S1. For each of the 2 trials,
data from a subset of ∼200 selected women per treatment
group who had completed the 24-mo study period, had
provided consent for future research, and had TH DXA scans
at baseline and at months 12 and 24 were included in the
current post hoc analysis.

FRAME30 had randomized 7180 postmenopausal women
aged 55 to 90 yr, with a T-score of –2.5 to –3.5 at the TH or
FN, and no history of hip fracture or any severe or > 2 mod-
erate vertebral fractures. The women received double-blinded
monthly subcutaneous romosozumab 210 mg or placebo for
12 mo, after which both groups received open-label subcuta-
neous denosumab 60 mg every 6 mo for an additional 12 mo
(Supplementary Figure S1A). The co-primary endpoints were
the cumulative incidences of new vertebral fractures at months
12 and 24; key secondary endpoints included incidences of
clinical and nonvertebral fractures and changes in aBMD at
months 12 and 24.30 aBMD was assessed by DXA, and verte-
bral fracture incidence was assessed by spinal radiographs at
baseline and at months 12 and 24. Results for the primary and
secondary endpoints have been previously published.30 In the
current analysis, DXA-based 3D modeling was performed on
data from a subset of ∼200 women per treatment group who
had completed the 24-mo study period, had provided consent
for future research, and had TH DXA scans at baseline,
month 12, and month 24. This population included data
from 122 women (61 in each treatment group) enrolled in
the protocol-prespecified FRAME DXA substudy and 140
randomly selected women per treatment group from FRAME
who were not enrolled in the FRAME DXA substudy. Since
the protocol-prespecified FRAME DXA substudy included
postbaseline TH DXA scans at month 6, in addition to DXA
scans at months 12 and 24, the current analysis using DXA-
based 3D modeling was also performed separately for the
FRAME DXA substudy population who had completed the
24-mo study period, had provided consent for future research,
and had TH DXA scans at baseline, month 6, month 12,
and month 24. aBMD by DXA was also determined for the
subset of ∼200 women in each treatment group included in
the current analysis.
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ARCH31 had randomized 4093 postmenopausal women
with osteoporosis aged 55 to 90 yr with one of the following:
T-score ≤ –2.5 at the TH or FN and either ≥1 moderate or
severe vertebral fracture or ≥ 2 mild vertebral fractures; or T-
score ≤ –2.0 at the TH or FN and either ≥2 moderate or severe
vertebral fractures or a fracture of the proximal femur sus-
tained 3 to 24 mo before randomization. The women received
double-blinded monthly subcutaneous romosozumab 210 mg
or weekly oral alendronate 70 mg for 12 mo, followed by
open-label weekly oral alendronate 70 mg in both groups
(Supplementary Figure S1B). The primary endpoints were the
cumulative incidence of new vertebral fracture at 24 mo and
the cumulative incidence of clinical fracture at the time of the
primary analysis (performed after clinical fractures had been
confirmed in ≥330 patients and all the patients had completed
the month 24 visit).31 Key secondary endpoints included the
incidence of nonvertebral fracture at the time of the primary
analysis and through months 12 and 24, and changes in
aBMD at months 12 and 24. aBMD and vertebral fracture
incidence were evaluated by DXA and spinal radiographs,
respectively, at baseline and at months 12 and 24. Results for
the primary and secondary endpoints have been previously
published.31 In the current analysis, DXA-based 3D modeling
was performed on data from a subset of ∼200 randomly
selected women per treatment group who had completed the
24-mo study period, had provided consent for future research,
and had TH DXA scans at baseline, month 12, and month
24. aBMD by DXA was also determined for the subset of
∼200 women in each treatment group included in the current
analysis.

DXA-based 3D modeling

Image files of hip DXA scans taken at baseline, month
12, and month 24 in FRAME and ARCH were analyzed
by DXA-based 3D modeling using 3D-SHAPER software
v2.11 (3D-SHAPER Medical, Barcelona, Spain) as previously
described,21,22 with operators blinded to treatment. Briefly,
the 3D-SHAPER software uses a statistical model based on a
database of QCT scans from Caucasian men and women
to generate a 3D patient-specific model of the proximal
femur that allows for a separate characterization of the
cortical and trabecular bone compartments21,22 (Figure 1).
Integral vBMD (expressed in mg/cm3) was calculated as
the mean vBMD of the integral (ie, cortical and trabecular)
compartment at the TH region. The cortical bone was seg-
mented by fitting a function of cortical thickness (expressed
in mm), cortical vBMD (expressed in mg/cm3), location of
the cortex, density of surrounding tissues, and imaging blur
to the density profile computed along the normal vector at
each node of the proximal femur surface mesh.22 Cortical
surface BMD (sBMD; a measure of the density-to-thickness
ratio expressed in mg/cm2) was calculated as the product
of cortical vBMD and cortical thickness at each vertex of
the femoral surface of the 3D model.21,22 As cortical sBMD
measures both the cortical thickness and density, it can be used
as a surrogate parameter for cortical bone strength.24 Mean
cortical thickness, mean cortical vBMD, and mean cortical
sBMD were computed at the TH region. Trabecular vBMD
(expressed in mg/cm3) was calculated using the output 3D
image as the average vBMD of the trabecular compartments
at the TH region.

Anatomical distribution of changes in bone

structure

The 3D data generated from the hip DXA scans in FRAME
and ARCH were used to calculate average 3D models and
assess the anatomical distribution of changes in bone structure
in each treatment group. One average, 3D model per time
point (baseline, month 12, and month 24) and treatment
group was generated using image registration techniques. For
each treatment group, the average 3D models obtained at
month 12 and month 24 were compared with baseline to
assess the anatomical distribution of the changes in bone
structure. Changes in cortical thickness, cortical vBMD, and
cortical sBMD were displayed at the periosteal surface of the
femur using 3D visualizations; changes in cortical and trabec-
ular vBMD were displayed using cross-sectional images.23

Statistical analysis

In FRAME, treatment group comparisons for percentage
change from baseline to months 12 and 24 for aBMD,
integral vBMD, cortical thickness, cortical vBMD, cortical
sBMD, and trabecular vBMD were assessed by a repeated-
measures model adjusting for treatment, visit, treatment-by-
visit interaction, baseline value, machine type, and baseline
value-by-machine type interaction. Similarly, in the FRAME
DXA substudy population, treatment group comparisons for
percentage change from baseline to months 6, 12, and 24
were evaluated by a repeated-measures model adjusting for
these same factors. In ARCH, treatment group comparisons
for percentage change from baseline to months 12 and 24
for aBMD, integral BMD, cortical thickness, cortical vBMD,
cortical sBMD, and trabecular vBMD were assessed by a
repeated-measures model adjusting for treatment, presence of
severe vertebral fracture at baseline, visit, treatment-by-visit
interaction, baseline value, machine type, and baseline value-
by-machine type interaction. Percentage change from baseline
was reported as least squares (LS) means and associated 95%
CI. No adjustments for multiplicity were made, and there was
no imputation of missing data.

Results

Patients and baseline characteristics

In FRAME, 402 women were selected for the DXA-based
3D-SHAPER analysis. Of these, 377 had evaluable 3D
assessments at baseline, month 12, and month 24 (placebo,
190; romosozumab, 187) and were included in the analysis
(Figure 2). This included 104 women who had enrolled
in the prespecified FRAME DXA substudy (placebo, 56;
romosozumab, 48). A total of 25 women were excluded from
the analysis (placebo, 11; romosozumab, 14) because the DXA
scanner or the DXA acquisition mode used for 3D assessment
was not supported by the 3D-SHAPER software or because
of missing follow-up data points. In ARCH, 400 women
were selected for the DXA-based 3D-SHAPER analysis. Of
these, 368 had evaluable 3D assessments at baseline, month
12, and month 24 (alendronate, 185; romosozumab, 183)
(Figure 3) and were included in the analysis. A total of 32
women were excluded from the analysis (alendronate, 15;
romosozumab, 17) because the DXA scanner or the DXA
acquisition mode used for 3D assessment was not supported
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Figure 2. Patient disposition of the select subpopulation evaluated in the DXA-based 3D-SHAPER post hoc analysis in FRAME. aThe FRAME population
for the DXA-based 3D-SHAPER post hoc analysis included a total of 402 women (201 per treatment group); the 402 women included 122 women (61
placebo, 61 romosozumab) enrolled in the prespecified FRAME DXA substudy and 280 randomly selected women (140 placebo, 140 romosozumab) from
FRAME who were not enrolled in the FRAME DXA substudy. bWomen were excluded because the DXA scanner or the DXA acquisition mode used for
3D assessment was not supported by 3D-SHAPER software or because of missing follow-up data points.

by the 3D-SHAPER software or because of missing follow-up
data points.

Baseline characteristics for the women in the post hoc DXA-
based 3D-SHAPER analysis were consistent with the recruit-
ment criteria for each study and consistent with the baseline
characteristics for the overall populations for each study
(Table 1, Supplementary Table S1, Supplementary Table S2).
In FRAME, which had enrolled women with less severe osteo-
porosis, the mean (SD) age was 70.3 (7.4) yr and mean (SD)
baseline T-scores were –2.8 (1.0) at the LS, –2.4 (0.5) at the
TH, and –2.7 (0.3) at the FN for the FRAME 3D-SHAPER
analysis population (Table 1, Supplementary Table S1). Less
than 20% of the women had a vertebral fracture (19.1%) and
a nonvertebral fracture (19.4%) at baseline. Similar baseline
characteristics were observed for the FRAME DXA substudy
3D-SHAPER analysis population (Supplementary Table S1).
In ARCH, which enrolled older women with low BMD and
at least one prevalent fracture, mean (SD) age was 73.4
(7.1) yr and mean (SD) baseline T-scores were –3.0 (1.2)
at the LS, –2.8 (0.6) at the TH, and –2.9 (0.4) at the FN
for the ARCH 3D-SHAPER analysis population (Table 1,
Supplementary Table S2). In the ARCH 3D-SHAPER analysis
population, 95.9% of women had a vertebral fracture and
37.5% had a nonvertebral fracture at baseline.

Percentage changes from baseline in hip aBMD by

2D-DXA and estimated integral vBMD by

DXA-based 3D-SHAPER analysis
Integral bone density was measured as aBMD determined by
2D-DXA and as integral vBMD determined by 3D-SHAPER
analysis. In FRAME, treatment with romosozumab vs placebo
for 12 mo resulted in significantly greater increases in aBMD

by 2D-DXA and similarly resulted in significantly greater
increases in estimated integral vBMD by DXA-based 3D-
SHAPER analysis, with LS mean percentage change from
baseline of 6.6% vs 0.4% for aBMD (Figure 4A) and 7.4% vs
0.3% for integral vBMD (Figure 4C) (P < .001 for both bone
parameters). At month 24, the cumulative gains were signif-
icantly greater in the romosozumab-to-denosumab sequence
vs the placebo-to-denosumab sequence by both 2D-DXA and
DXA-based 3D-SHAPER analysis, with LS mean percentage
change from baseline of 8.7% vs 3.3% for aBMD and 9.3%
vs 3.6% for integral vBMD (P < .001 for both bone param-
eters). Also in ARCH, treatment with romosozumab vs alen-
dronate for 12 mo resulted in significantly greater increases
in aBMD by 2D-DXA and similarly resulted in significantly
greater increases in estimated integral vBMD by 3D-SHAPER
analysis, with LS mean percentage change from baseline of
6.6% vs 2.8% for aBMD (Figure 4B) and 7.1% vs 2.7% for
integral vBMD (Figure 4D) (P < .001 for both bone param-
eters). At month 24, the cumulative gains were significantly
greater in the romosozumab-to-alendronate sequence vs the
alendronate-to-alendronate sequence by both 2D-DXA and
DXA-based 3D-SHAPER analysis, with LS mean percentage
change from baseline of 7.4% vs 3.7% for aBMD and 7.7% vs
3.4% for integral vBMD (P < .001 for both bone parameters).

Percentage changes from baseline in estimated hip

cortical thickness, cortical vBMD, cortical sBMD,

and trabecular vBMD by DXA-based 3D-SHAPER

analysis
Computed percentage changes from baseline to month 12 and
month 24 in hip cortical thickness, cortical vBMD, cortical
sBMD, and trabecular vBMD are topographically shown in
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Figure 3. Patient disposition of the select subpopulation evaluated in the DXA-based 3D-SHAPER post hoc analysis in ARCH. aThe ARCH population for
the DXA-based 3D-SHAPER post hoc analysis included a total of 400 randomly selected women (200 per treatment group). bWomen were excluded
because the DXA scanner or the DXA acquisition mode used for 3D assessment was not supported by the 3D-SHAPER software or because of missing
follow-up data points.

Table 1. Baseline characteristics of women included in the FRAME 3D-SHAPER analysis population and the ARCH 3D-SHAPER analysis population.

FRAME 3D-SHAPER analysis population ARCH 3D-SHAPER analysis population

Characteristic Placebo-to-
denosumab
n = 190

Romosozumab-to-
denosumab
n = 187

Alendronate-to-
alendronate
n = 185

Romosozumab-to-
alendronate
n = 183

Age, yr, mean ± SD 70.2 ± 7.4 70.3 ± 7.5 72.9 ± 7.3 73.8 ± 7.0
BMD T-score, mean ± SD

LS –2.8 ± 1.0 –2.8 ± 1.0 –3.0 ± 1.1 –3.0 ± 1.3
TH –2.4 ± 0.5 –2.4 ± 0.5 –2.7 ± 0.6 –2.8 ± 0.6
FN –2.7 ± 0.3 –2.8 ± 0.3 –2.9 ± 0.4 –2.9 ± 0.4

Prevalent vertebral fracture, n (%) 42 (22.1) 30 (16.0) 177 (95.7) 176 (96.2)
Previous nonvertebral fracture at ≥45 yr of age, n (%) 35 (18.4) 38 (20.3) 63 (34.1) 75 (41.0)
FRAX MOF calculated with BMD, mean % ± SD 10.9 ± 6.7 12.3 ± 8.0 19.3 ± 9.4 19.5 ± 9.5
FRAX hip fracture calculated with BMD, mean % ± SD 4.7 ± 4.3 5.3 ± 4.9 9.4 ± 6.9 9.6 ± 7.2

n = no. of women who had completed the 24-mo study period, had provided consent for future research, had TH DXA scans at baseline, month 12, and
month 24, and completed the 3D-SHAPER analysis. Abbreviations: 3D, 3-dimensional; ARCH, Active-Controlled Fracture study in Postmenopausal Women
with Osteoporosis at High Risk; FRAME, Fracture Study in Postmenopausal Women with Osteoporosis; FRAX, 10-yr probability of fracture; MOF, major
osteoporotic fracture.

Figure 5 for FRAME and Figure 6 for ARCH and illustrated
in animated videos in Supplementary Figure S2 (Supplemen-
tary Video S1) for both studies. The percentage changes from
baseline to month 12 and month 24 in these parameters are
then shown graphed in Figure 7.

In FRAME, treatment with romosozumab vs placebo for
12 mo resulted in significantly greater increases in estimated
bone parameters (Figure 5, Figure 7, Supplementary Figure S2
[Supplementary Video S1]), with LS mean percentage change
from baseline of 2.9% vs 0.2% for cortical thickness
(Figure 7A), 2.8% vs 0% for cortical vBMD (Figure 7C),
5.8% vs 0.2% for cortical sBMD (Figure 7E), and 12.4%
vs 1.3% for trabecular vBMD (Figure 7G) (P < .001 for
all bone parameters). At month 24, the cumulative gains

were significantly greater in the romosozumab-to-denosumab
sequence vs the placebo-to-denosumab sequence, with LS
mean percentage change from baseline of 4.0% vs 1.2%
for cortical thickness, 4.2% vs 1.8% for cortical vBMD,
8.6% vs 3.0% for cortical sBMD, and 13.7% vs 5.2% for
trabecular vBMD (P < .001 for all bone parameters). Results
for the 104 women in the FRAME DXA substudy showed that
significantly greater increases in estimated bone parameters
were seen as early as 6 mo after romosozumab treatment,
with results at months 12 and 24 similar to those of the
377 women in the FRAME 3D-SHAPER analysis population
described above (Supplementary Figure S3).

In ARCH, treatment with romosozumab vs alendronate for
12 mo resulted in significantly greater increases in estimated
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Figure 4. Percentage change from baseline to month 12 and month 24 in aBMD by 2D-DXA and integral vBMD by 3D-SHAPER analysis of hip DXA scans
in FRAME (A and C) and ARCH (B and D). n = no. of women who had completed the 24-mo study period, had provided consent for future research,
had TH DXA scans at baseline, month 12, and month 24, and completed the 3D-SHAPER analysis. Treatment group comparisons for percentage change
from baseline for aBMD by 2D-DXA and integral vBMD by DXA-based 3D-SHAPER analysis were assessed by a repeated-measures model adjusting
for treatment, visit, treatment-by-visit interaction, baseline value, machine type and baseline value-by-machine type interaction in FRAME and adjusting
for treatment, presence of severe vertebral fracture at baseline, visit, treatment-by-visit interaction, baseline value, machine type and baseline value-by-
machine type interaction in ARCH. P values are for the comparison of the 2 treatment groups in each study.

bone parameters (Figure 6, Figure 7, Supplementary Fig-
ure S2, [Supplementary Video S1]), with LS mean percentage
change from baseline of 2.1% vs 1.2% (P = .010) for cortical
thickness (Figure 7B), 2.6% vs 1.7% (P = .013) for cortical
vBMD (Figure 7D), 4.7% vs 2.9% (P < .001) for cortical
sBMD (Figure 7F), and 13.6% vs 3.3% (P < .001) for trabec-
ular vBMD (Figure 7H). At month 24, the cumulative gains
were significantly greater in the romosozumab-to-alendronate
sequence vs the alendronate-to-alendronate sequence, with
LS mean percentage change from baseline of 2.7% vs 1.1%
(P < .001) for cortical thickness, 3.3% vs 2.5% (P = .035) for
cortical vBMD, 6.1% vs 3.5% (P < .001) for cortical sBMD,
and 13.0% vs 4.6% (P < .001) for trabecular vBMD.

Discussion

In this study, we applied DXA-based 3D modeling by 3D-
SHAPER analysis of standard hip DXA scans to assess

hip cortical and trabecular bone changes in patients from
the FRAME and ARCH clinical trials. At month 12,
treatment with romosozumab resulted in significantly greater
increases in aBMD, integral vBMD, cortical thickness,
cortical vBMD, cortical sBMD, and trabecular vBMD
compared with placebo in FRAME, and compared with
alendronate in ARCH. At month 24, the cumulative gains
in these bone parameters were significantly greater in
the romosozumab-to-denosumab vs placebo-to-denosumab
sequence in FRAME and romosozumab-to-alendronate vs
alendronate-to-alendronate sequence in ARCH.

Results from our analysis add to the growing evidence
that the observed efficacy of romosozumab in reducing
fracture risk compared with placebo in FRAME30 or
alendronate in ARCH31 is associated with improvements
in bone parameters.11,32-36 As expected, the significantly
greater increases in hip aBMD with romosozumab treatment
compared with placebo treatment in FRAME and alendronate
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Figure 5. Percentage change from baseline to month 12 and month 24 in cortical thickness, cortical vBMD, cortical sBMD, and vBMD for cortical and
trabecular compartments by 3D-SHAPER analysis of hip DXA scans in FRAME. Increases in bone parameters are presented in blue–green color; decreases
are presented in yellow–red color. Illustrations for each pair of representative femurs per treatment group show the posterior anterior perspective on the left
and the anterior posterior perspective on the right. avBMD images include cortical and trabecular compartments; images and data are from a mid-coronal
slice. NS, not significant against baseline, Student”s t-test;

treatment in ARCH in the subpopulations included in the
current analysis as determined by 2D-DXA were consistent
with previously reported increases in hip aBMD in the overall
FRAME and ARCH populations as also determined by 2D-
DXA.30,31 Observed changes in integral bone density were
similar when measured as aBMD determined by 2D-DXA
and when measured as integral vBMD determined by 3D-
SHAPER analysis, with significantly greater increases in
aBMD and integral vBMD after romosozumab vs placebo
treatment in FRAME and after romosozumab vs alendronate
treatment in ARCH. In a QCT analysis of data from a
subset of treatment-naïve patients with low BMD in a
romosozumab phase 2 dose-ranging study, 12 mo of treatment
with romosozumab significantly increased hip integral and
trabecular vBMD vs 12 mo of treatment with placebo or
teriparatide34 and was associated with bone-strengthening
effects as estimated by finite element analysis.36 Although
the no. of patients analyzed by QCT in the phase 2 study
was small (romosozumab, n = 9; placebo, n = 18; teriparatide,
n = 19)34 and the results should be interpreted with caution,
the QCT findings are consistent with findings from the current
analysis that treatment with romosozumab vs placebo in
FRAME or vs alendronate in ARCH significantly increased
hip integral and trabecular vBMD as measured by DXA-based
3D-SHAPER analysis. However, although findings from the
phase 2 study showed similar changes in hip cortical vBMD
with romosozumab, placebo, and teriparatide, the current
analysis showed a significantly greater increase in hip cortical
vBMD with romosozumab vs placebo or alendronate. It is

unclear why data obtained by QCT and DXA-based 3D-
SHAPER for romosozumab treatment on hip integral and
trabecular vBMD were similar across the studies but differed
for cortical vBMD. As hip QCT data are not available for the
FRAME and ARCH studies, a direct comparison of QCT data
with the 3D-SHAPER data reported here was not possible.

The strength of our analysis is that it used data from 2
randomized controlled studies with standard assessments of
BMD and bone parameters, and documented fracture risk
reductions. However, there are limitations to consider. First,
only 377 of 7180 women in FRAME (∼5%) and 368 of 4093
women in ARCH (∼9%) were included in the DXA-based 3D-
SHAPER analysis; thus, it is possible that the subpopulations
analyzed are not representative of the total populations of
the studies. Second, although other studies have evaluated the
effect of romosozumab treatment on changes in bone param-
eters by QCT, we cannot compare data from the FRAME
and ARCH DXA-based 3D-SHAPER analysis with data
from other studies derived by QCT because of differences in
skeletal sites evaluated in the studies and/or differences in
study populations.11,32-35

Differences between results generated using DXA-based
3D-SHAPER and those generated using QCT have been
observed. As reported in previous studies,21,37 spatial
resolution of 3D-SHAPER models is lower than that of QCT,
which might result in larger errors when measuring cortical or
trabecular parameters locally in small regions of interest. In
particular, larger errors reported at the lesser trochanter region
should be considered when assessing bone changes in this
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Figure 6. Percentage change from baseline to month 12 and month 24 in cortical thickness, cortical vBMD, cortical sBMD, and vBMD for cortical and
trabecular compartments by 3D-SHAPER analysis of hip DXA scans in ARCH. Increases in bone parameters are presented in blue–green color; decreases
are presented in yellow–red color. Illustrations for each pair of representative femurs per treatment group show the posterior anterior perspective on
the left and the anterior posterior perspective on the right. avBMD images include cortical and trabecular compartments; images and data are from a
mid-coronal slice. NS = not significant against baseline, Student’s t-test;

region of interest. Local changes in bone parameters derived
with DXA-based 3D SHAPER as presented in Figures 5–7
and Supplementary Figures S2 and S3 should be interpreted
with caution. Further studies should be performed to compare
3D representations of average changes calculated using DXA-
based 3D-SHAPER with those calculated using QCT.

A recent study by Dudle et al. 37 reported larger systematic
differences between bone volume and density estimated by
DXA-based 3D-SHAPER and QCT, compared with results
reported in another study.21 The marked systematic differ-
ences in bone volume, calculated using the periosteal surface,
might be explained by the technique used in Dudle et al.37

to segment the QCT images, which did not correct for partial
volume effects. As shown in a previous study by Treece et al.,38

straightforward segmentation methods tend to overestimate
the cortical thickness and therefore, overestimate the bone vol-
ume. The segmentation methods used in a previous evaluation
study21 to analyze both DXA-based 3D-SHAPER and QCT
data included correction methods for partial volume effects,
and were shown to provide accurate estimates of cortical
thickness and density, compared with micro-CT data.22 As
mentioned in the study,21 the systematic differences between
DXA-based 3D-SHAPER and QCT vBMD reported might
be explained by: (1) the use of ex vivo scans and water
bags to account for soft tissues, which can have a significant
impact on DXA measurements,37 and (2) the use of a solid
QCT phantom, which provides density measurements 10 to
15% higher, compared with liquid phantoms.39 The DXA-
based 3D-SHAPER software provides density measurements

calibrated using a liquid phantom. Further investigation is
needed to compare the effect of using liquid vs solid phantoms,
and ex vivo vs in vivo data, in studies comparing DXA-based
3D-SHAPER and QCT. The DXA scanner model, acquisition
parameters, and calibration are also factors that affect DXA
measurements and consequently, DXA-based 3D-SHAPER
measurements.21

DXA-based 3D-SHAPER analysis may be utilized as a
research tool for measuring physiological changes in bone
morphology and has the potential to provide a no. of appli-
cations and benefits in clinical practice. Within the clinical
setting, DXA scans of patients are readily available and could
easily be assessed by DXA-based 3D-SHAPER analysis with-
out subjecting patients to additional testing procedures. The
technique requires further evaluation of clinical utility in indi-
vidual patients. By comparison, QCT is not widely available
in clinical practice, and where available, obtaining patient
QCT scans would require additional testing procedures for
patients and exposure to excessive radiation. DXA-based
3D-SHAPER analysis could thus be a convenient method-
ology to acquire additional compartmental information in
patients. Additionally, DXA-based 3D-SHAPER analysis can
be performed retrospectively from archived DXA data in
studies where QCT was not performed.23-25 Finally, DXA-
based 3D-SHAPER analysis could be used to visually monitor
the effect of osteoporosis treatments on both cortical and
trabecular bone compartments.

In conclusion, 3D-SHAPER analysis provides a novel tech-
nique for estimating changes in cortical and trabecular bone
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Figure 7. Percentage change from baseline to month 12 and month 24 in cortical thickness, cortical vBMD, cortical sBMD, and trabecular vBMD by 3D-
SHAPER analysis of hip DXA scans in FRAME (A, C, E, and G) and ARCH (B, D, F, and H). n = no. of women who had completed the 24-mo study period,
had provided consent for future research, had TH DXA scans at baseline, month 12, and month 24, and completed the 3D-SHAPER analysis. Treatment
group comparisons for percentage change from baseline for bone parameters were assessed by a repeated-measures model adjusting for treatment,
visit, treatment-by-visit interaction, baseline value, machine type, and baseline value-by-machine type interaction in FRAME and adjusting for treatment,
presence of severe vertebral fracture at baseline, visit, treatment-by-visit interaction, baseline value, machine type and baseline value-by-machine type
interaction in ARCH. P values are for the comparison of the 2 treatment groups in each study.
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parameters from standard DXA images and also for visual-
izing the changes in those parameters to monitor treatment
effect. Results from 3D-SHAPER analysis of standard hip
DXA scans in FRAME and ARCH complement the extensive
evidence demonstrating that treatment with romosozumab
results in substantial gains in hip cortical and trabecular
bone compartments within 1 yr, and that transition to an
antiresorptive agent can maintain or augment those gains,
thereby contributing to the antifracture efficacy of the drug.
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