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ABSTRACT

Although bone mineral density (BMD) is a predictor of fracture, many fractures occur in women with T-scores > —2.5. Bone microarch-
itecture, assessed by trabecular bone score (TBS), predicts fracture risk independent of BMD. We evaluated whether abaloparatide
improves TBS and whether TBS trends were associated with vertebral fracture risk reduction. Women with osteoporosis randomized
to abaloparatide or placebo for 18 months (ACTIVE), followed by alendronate for 24 months (ACTIVExtend), with evaluable TBS, were
included in this post hoc analysis (N = 911). TBS was calculated from spine BMD scans using an algorithm adjusted for tissue thickness
(TBSy1) at baseline, 6, 18, and 43 months. Mean increments in TBSy, from baseline within and between treatment groups, proportion
of women with TBS, increments above least significant change (LSC) and proportion with degraded TBS;, (<1.027) were calculated.
Risk estimates for vertebral fracture were compared using binary logistic regressions adjusted for baseline age and spine BMD. At
baseline, 42% had degraded TBSy,. Mean TBS,;, increased 4% after 18 months abaloparatide (p < 0.001) and was unchanged with pla-
cebo. After 2 subsequent years of alendronate, the total cumulative TBSy, increase was 4.4% with abaloparatide/alendronate and
1.7% with placebo/alendronate (group difference, p < 0.001). At 43 months, the proportion of women with degraded TBSy, had
declined to 21% with abaloparatide/alendronate and 37% with placebo/alendronate (p < 0.05). An increase in TBS;, = LSC was
observed in 50% of abaloparatide-treated women at 18 months and was associated with decreased odds (odds ratio [OR]; 95% con-
fidence interval [CI]) of vertebral fracture (0.19; 95% Cl, 0.04-0.80, 6 months; 0.30; 95% Cl, 0.11-0.79, 43 months). In conclusion,
abaloparatide increased TBS, rapidly and progressively over 18 months and increments were maintained over 2 years with alendro-
nate. TBSy, increase was associated with vertebral fracture risk reduction. Microarchitectural improvement may be one mechanism by
which abaloparatide strengthens vertebral bone. © 2023 Radius Health, Inc and The Authors. Journal of Bone and Mineral Research
published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research (ASBMR).
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Introduction

steoporosis and associated fractures lead to decreased
O quality of life, increased mortality, and increased healthcare
costs, representing a substantial personal and public health bur-
den."™® Despite the availability of multiple diagnostic tools and
treatments, many women do not receive a diagnosis of osteopo-
rosis or appropriate treatment.“

Bone mineral density (BMD) assessed from dual-energy X-ray
absorptiometry (DXA) scans, the most widely used screening
and diagnostic tool, is an important predictor of fracture.® How-
ever, many fractures occur in women with T-scores above osteo-
porosis range, suggesting that other skeletal factors contribute
to fracture risk.”® Bone microarchitecture, distinct from BMD,
is reported to have a substantial influence on bone strength
and fracture risk.”?"* Trabecular bone score (TBS) is a gray-level

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

Received in original form April 15, 2022; revised form December 12, 2022; accepted December 29, 2022.
Address correspondence to: Felicia Cosman, MD, Amgen Inc, 1 Amgen Center Drive, Thousand Oaks, California, 91320, USA.

E-mail: felcosman@gmail.com

Additional Supporting Information may be found in the online version of this article.

Journal of Bone and Mineral Research, Vol. 38, No. 4, April 2023, pp 464-470.

DOI: 10.1002/jbmr.4764

© 2023 Radius Health, Inc and The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and

Mineral Research (ASBMR).

B 464 COSMAN ET AL.

Journal of Bone and Mineral Research


https://orcid.org/0000-0003-4554-6616
https://orcid.org/0000-0001-6338-2948
https://orcid.org/0000-0001-7050-0703
http://creativecommons.org/licenses/by/4.0/
mailto:felcosman@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbmr.4764&domain=pdf&date_stamp=2023-02-12

textural analysis of the two-dimensional (2D) DXA images
(or other X-ray image modalities) of the lumbar spine
(or femur) that are routinely obtained during BMD testing. TBS
is an independent predictor of fracture risk”'® widely used in
clinical practice and present in many clinical guidelines. TBS pro-
vides a reliable noninvasive surrogate assessor of bone micro-
architecture that correlates well with three-dimensional
(3D) bone microarchitectural parameters as measured by bone
histomorphometry and/or micro-computed tomography
(uCT).7 101516 Ragional soft tissue presence can impact X-ray
absorption and eventually affect TBS estimates. Previous TBS
algorithms have adjusted for body mass index (BMI) as a surro-
gate for soft tissue thickness."® The most recent TBS algorithm
addresses this issue by directly accounting for the regional soft
tissue thickness instead of the usual BMI as a surrogate.'”)

Abaloparatide is an anabolic treatment for osteoporosis that is
an analog of parathyroid hormone-related peptide (PTHrP). Abalo-
paratide selectively binds the PTH type-1 receptor and favors bone
formation.""®' In a phase 2 study, abaloparatide improved tra-
becular microarchitecture at 12 and 24 weeks in the lumbar spine
as indicated by a significant increase in TBS relative to baseline
and placebo.?? In the pivotal ACTIVE trial (Clinicaltrials.gov identi-
fier NCT01343004), 18 months of abaloparatide treatment signifi-
cantly increased BMD at the lumbar spine and total hip and
significantly reduced the risk of vertebral and nonvertebral frac-
tures compared with placebo."® In the ACTIVExtend trial
(Clinicaltrials.gov identifier NCT01657162), eligible patients were
treated with alendronate for an additional 24 months.?" Patients
treated with abaloparatide followed by alendronate had further
increases in BMD and sustained fracture risk reduction compared
to patients who received placebo followed by alendronate.

The aim of this retrospective analysis was to evaluate TBS in par-
ticipants from the ACTIVE and ACTIVExtend trials to determine
whether mean TBS improved with abaloparatide, what proportion
of women would attain a significant above least significant

TBS,, % change from baseline

change (LSC), whether the proportion of degraded TBS decreased
with abaloparatide, and whether TBS improvements persisted
during subsequent alendronate treatment. In addition, we aimed
to determine if there was an association between TBS improve-
ments and vertebral fracture risk reduction.

Patients and Methods

Study design

Women who completed the ACTIVE and ACTIVExtend trials and
had evaluable TBS at baseline, 6, 18, and 43 months were included
in this retrospective analysis. Women for whom information about
vertebral fractures was not available, who had fewer than two eva-
luable vertebrae by DXA, or who had TBS values meeting Rosner’s
test for outliers were excluded from the analysis.*? To assess lon-
gitudinal changes, pairs of scans from patients that were identified
as potential outliers underwent visual assessment for potential
artifacts. Each pair of scans was examined by two independent
reviewers in a blinded fashion. In cases of disagreement, an adju-
dicator was utilized. The most frequent reason for exclusion from
our analysis was due to inconsistent artifactual soft tissue effects
on the image (especially on low-energy images where darker
zones related to gaz-induced abnormal values) between visits
for a given patient. If a significant difference in regional pixel
intensities (due to artifactual soft tissue) was present in one of
the two images, it was excluded. Artifactual images at baseline
were excluded from further analysis; artifactual images in postba-
seline time points were excluded from the analysis including the
respective time point. As a result, 24 patients were excluded from
all visits. In addition, three, nine, and four patients were excluded
from 6-month, 18-month, and 43-month TBS changes, respec-
tively. Because the number of outliers was <5% of the total sam-
ple, the mean and confidence interval (Cl) differences with and
without outliers (Fig. 1, Fig. S1) were minor. The inclusion or

Months at visit

—&— ABL/ALN —@— PBO/ALN

Fig. 1. Mean TBSy, (95% Cl) percent change over time. *p < 0.001. Both ABL and PBO ended at 18 months (solid lines); at 19 months, all subjects started
ALN for 24 months (dotted lines). ABL, abaloparatide; ALN, alendronate; Cl, confidence interval; PBO, placebo; TBSy,, trabecular bone score adjusted for

tissue thickness.
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exclusion of the outliers would not have changed the study
conclusions.

The study designs for ACTIVE and ACTIVExtend have been previ-
ously described in detail (Fig. 52).7%2" Briefly, women in the ACTIVE
trial were randomized 1:1:1 to receive 18 months of blinded treat-
ment with once-daily subcutaneous 80 g abaloparatide or match-
ing placebo, or open-label, once-daily subcutaneous 20 pg
teriparatide. Women in the abaloparatide or placebo groups who
completed ACTIVE without experiencing any treatment-related seri-
ous adverse events (SAEs) were eligible to enroll in ACTIVExtend
where all women received open-label therapy with alendronate
70 mg orally once weekly for 24 months. Women assigned to the
teriparatide group did not enter the extension study and were not
considered for these analyses.

The ACTIVE and ACTIVExtend trial protocols were approved by
the ethics committee at every participating institution and were
conducted according to the recommendations of Good Clinical
Practice and the Declaration of Helsinki. All patients provided
written informed consent to participate in both studies.

Outcome assessments

TBS was calculated from spine DXA scans at baseline, 6, 18, and
43 months using an updated algorithm (TBS iNsights pre-
released v.4.0; Medimaps Group SA, Geneva, Switzerland) that
provides TBS corrected for soft tissue based on abdominal tis-
sue thickness (TBSy,). The TBS calculation was performed cen-
trally but blinded from clinical outcomes and treatment
assignment.

TBSy, thresholds used in this study were the corresponding
values to the TBSgy thresholds (tertiles) reported by McCloskey
and colleagues,”"® to which the known offset between the pat-
ented algorithms was applied. As in McCloskey and
colleagues,"® we refer to TBS values lower than 1.027 as corre-
sponding to degraded microarchitecture, between 1.027 and
1.074 as moderately degraded microarchitecture, and higher
than 1.074 as normal microarchitecture.

Vertebral fractures were assessed using the method of Genant
and colleagues®® as described."” Briefly, radiologists
(Bioclinica-Synarc) graded each woman’s vertebrae, with a
decrease in height of 20% to 25% defined as mild, 26% to 40%
as moderate, and more than 40% as severe. All radiographs in
which an incident fracture was identified were confirmed by a
second radiologist, and a third radiologist adjudicated the inci-
dent fracture, if necessary. All treatments were blinded from radi-
ologists and adjudicators.

Statistical analyses

All inferential testing was two-tailed, with p < 0.05 set as the
threshold for statistical significance. IBM SPSS statistical software
(version 26.0; IBM Corp., Armonk, NY, USA) was used for all
statistics.

TBS;, change from baseline was calculated and mean incre-
ments in TBS,, were compared within each group at 6, 18, and
43 months compared to baseline and between groups at each
time point. Differences between treatment groups were
assessed by percent change from baseline and using general-
ized estimating equation models with adjustments for treat-
ment group, visit, visit and treatment interaction, age, and
BMI. LSC is the extent of change above which a difference in
measurement could be presumed clinically real and not sec-
ondary to precision errors with a confidence level of 95%.

The 2019 ISCD Official Positions statement strictly advises
the reporting of LSC in a patient’s follow-up DXA report and
comments on the lack of clinical meaning if the percent
change in measurement is not significant based on the
LSC.%* In the current analysis, LSC was calculated following
the approach used in Bilezikian and colleagues.®? In this sim-
ilar randomized controlled trial (RCT) analysis, the mean preci-
sion error of 1.53% was used as a mean of several prior studies
(range, 1.12%-2.1%). The TBSyy, precision error reported by the
manufacturer is 10% to 15% better than the precision error for
TBSgmi- Based on this, 1.33% was considered an adequate pre-
cision error for TBSy, for this analysis. Subsequently, the LSC
would be 3.75%. The proportion of women with degraded
TBS:, was calculated for each visit and compared between
groups.

The incidence of vertebral fractures at 43 months was calcu-
lated for each study group (placebo and abaloparatide) and as
a function of TBSy, percent change >LSC (+3.75%) at 6 months.
Binary logistic regressions adjusted for age and lumbar spine
BMD at baseline were used to study the odds ratio (OR) of having
a vertebral fracture in groups that had TBSy, changes >=LSC value
compared with those with TBSy, changes <LSC.

Results

Baseline characteristics

A total of 911 women who completed ACTIVE and ACTIVExtend
had evaluable TBS;, and were included in this post hoc analysis:
457 in the abaloparatide/alendronate group and 454 in the pla-
cebo/alendronate group (Fig. S3). Baseline characteristics in the
subgroup of patients included in this analysis were similar in
the two groups (Table 1) and similar to those in the full ACTIVE
and ACTIVExtend study populations. In the abaloparatide/
alendronate group, 185 of 457 (40%) women and 194 of
454 (43%) in the placebo/alendronate group had degraded TBSy,
at baseline with no significant group differences.

Changes in TBSy, during ACTIVE and ACTIVExtend

In patients treated with abaloparatide in ACTIVE, TBS increased
from baseline by 2.4% at 6 months and 4.0% at 18 months
(Fig. 1). There was no significant change in TBSy, from baseline
in the placebo group at 6 months (0.1%) or 18 months
(—0.4%). The group difference for abaloparatide compared with
placebo was significant at both 6 and 18 months (p < 0.001).

After 2 years of treatment with alendronate in the ACTIVEx-
tend trial, TBSy, increased an additional 0.4% in the abalopara-
tide/alendronate group and 2.1% in the placebo/alendronate
group (difference, p = 0.02). The total cumulative increase from
baseline was 4.4% with abaloparatide/alendronate and 1.7%
with  placebo/alendronate  (43-month group difference,
p < 0.001). The TBSy, increase as compared to baseline remained
significant after adjusting for age, TBSy,, and BMI at baseline.
Results were also similar for the sensitivity analysis without exclu-
sion of outliers (Fig. S3).

At 6 and 18 months, 37% and 50% of women treated with
abaloparatide had increased TBS, = LSC compared with 21%
and 16%, respectively, for placebo (Table 2). At 43 months, 52%
of women in the abaloparatide/alendronate group had
increased TBSy, = LSC compared with 32% in the placebo/
alendronate group.
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Table 1. Baseline Characteristics of Study Population

ABL/ALN PBO/ALN

Characteristic (n = 457) (n = 454)
Age (years), mean + SD 68.7 £ 6.4 68.7 £ 6.1
Weight (kg), mean + SD 61.1+98 60.7 + 9.9
Height (cm), mean + SD 1564 + 7.1 1564 + 7.2
BMD T-score, mean + SD

Lumbar spine —284+089 —284+093

Femoral neck —218 £ 065 —221+0.70

Total hip —1.88+£0.72 —-193+0.75

TBSy, (unitless), mean £ SD 1.045 + 0.078 1.035 + 0.083
TBSth, N (%)
Normal or partially degraded
Degraded
TBSgm (unitless), mean 4 SD
TBSBN“, n (%)
Normal or partially degraded
Degraded

272 (60) 260 (57)
185 (40) 194 (43)
1.253 £0.093 1.251 £ 0.094

283 (62)
174 (38)

284 (63)
170 (37)

Abbreviations: ABL, abaloparatide; ALN, alendronate; BMD, bone min-
eral density; PBO, placebo; SD, standard deviation; TBSgy,, trabecular
bone score adjusted for body mass index; TBSyy, trabecular bone score
adjusted for tissue thickness.

The proportion of women in the abaloparatide group with
degraded TBSy, decreased from 40% at baseline to 30% at
6 months and to 24% at 18 months (trend, p < 0.001). The

percentage of women with degraded TBSy, decreased further
with alendronate, and, by 43 months, only 21% of women in the
abaloparatide/alendronate group had degraded TBSy,. In compar-
ison, the proportion of women in the placebo group with
degraded TBSy, did not change over 18 months. At 43 months,
after 2 years of alendronate following placebo, the percentage
of women with degraded TBSy, decreased modestly to
37% (Fig. 2).

Changes in TBSy, and vertebral fracture risk

After 43 months of treatment, four of 455 (0.9%) women in the
abaloparatide/alendronate group and 23 of 453 (5.1%) women
in the placebo/alendronate group had a vertebral fracture
(Table 3). All four women in the abaloparatide/alendronate
group who sustained a vertebral fracture had TBSy, < LSC at
6 months and three of four had TBSy, < LSC at 43 months. In
the placebo/alendronate group, 21 of the 23 women with a ver-
tebral fracture at 43 months had TBSy < LSC at 6 months
(21/359 [5.8%] TBSy, < LSC versus 2/93 [2.2%)] TBSy, = LSC) and
19 of 23 at 43 months (19/309 [6.1%] TBS, < LSC versus 4/144
[2.8%] TBSy, = LSC). In the overall study population, the OR
(95% Cl) of having a vertebral fracture at 43 months with TBS,
change =LSC compared with <LSC between 0 and 6 months
and 0 and 43 months were 0.19 (0.04-0.80) and 0.30 (0.11-
0.79), respectively. The OR (95% Cl) of having a vertebral fracture
in women with degraded TBSy, at baseline whose TBSy,
remained degraded at 43 months compared with those whose

Table 2. Percentage of Patients With TBSy, Increased >LSC and Decreased <LSC

TBSy, increased >LSC (+3.75)

TBS;, decreased <LSC (—3.75)

Parameter ABL/ALN (n = 457) PBO/ALN (n = 454) ABL/ALN (n = 457) PBO/ALN (n = 454)
0-6 months, n (%) 171 (37%) 93 (21%) 45 (10%) 89 (20%)
0-18 months, n (%) 227 (50%) 73 (16%) 26 (6%) 98 (22%)
0-43 months, n (%) 235 (52%) 144 (32%) 32 (7%) 56 (12%)

Abbreviations: ABL, abaloparatide; ALN, alendronate; LSC, least significant change; PBO, placebo; TBS;, trabecular bone score adjusted for tissue

thickness.
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Fig. 2. Percent TBSy, degraded over time. *p < 0.05. Both ABL and PBO ended at 18 months (solid bars); at 19 months, all subjects started ALN for
24 months (striped bars). ABL, abaloparatide; ALN, alendronate; PBO, placebo; TBSy,, trabecular bone score adjusted for tissue thickness.
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Table 3. Incidence of Vertebral Fracture by TBS,, Changes Over
43 Months

ABL/ALN PBO/ALN Overall

% Change TBSy;, at 6 months, n/N (%)

TBSy, = LSC 0/171 (0) 2/93 (2.2) 2/264 (0.8)

TBSi, < LSC 4/284 (1.4) 21/359 (5.8) 25/643 (3.9)

Total 4/455 (0.9) 23/452 (5.1) 27/907 (3.0)
% Change TBSy, at 43 months, n/N (%)

TBSy, = LSC 1/235 (0.4) 4/144 (2.8) 5/379 (1.3)

TBSy, < LSC 3/220 (1.4) 19/309 (6.1) 22/529 (4.2)

Total 4/455 (0.9) 23/453 (5.1) 27/908 (3.0)

ABL, abaloparatide; ALN, alendronate; LSC, least significant change;
PBO, placebo; TBSy,, trabecular bone score adjusted for tissue thickness.

TBSy, moved out of the degraded category at 43 months was
2.88 (0.61-13.58).

Discussion

In this post hoc analysis of ACTIVE and ACTIVExtend, bone micro-
architecture, as assessed by TBSy,, improved significantly with
abaloparatide followed by alendronate. The largest increase in
TBS:, was observed in the first 6 months of abaloparatide treat-
ment but further gains were observed from 6 to 18 months,
and the increase in TBSy, was maintained during 24 months of
alendronate treatment. Mean TBSy, gain with 2 years of alendro-
nate (after placebo; 2.1%) was half that seen with 18 months of
abaloparatide (4%). Abaloparatide followed by alendronate
resulted in a statistically significant 50% decline in the propor-
tion of women with degraded TBSy,, whereas treatment with
alendronate alone reduced this percentage by less than 20%
(nonsignificant). The likelihood of having a new vertebral frac-
ture was lower in women who had increases in TBSy,
beyond LSC.

Studies with other medications to treat osteoporosis have also
demonstrated positive effects on TBS. In a study by Tsai and
colleagues,®® 24 months of teriparatide monotherapy increased
TBS by 2.7% from baseline, whereas the antiresorptive agent
denosumab increased TBS by 1.8%, and combination therapy
with teriparatide plus denosumab resulted in a 4.5% increase in
TBS from baseline. Senn and colleagues®®® demonstrated 4.3%
and 0.3% increases from baseline in TBS with 24 months teri-
paratide and ibandronate treatment, respectively. Other studies
with bisphosphonate treatment have shown increases in TBS
ranging from 0.2% per year to 1.4% over 36 months of treat-
ment.?’?® The increase in TBSy, with alendronate in our study
was larger than seen with alendronate in prior studies, but the
patient populations differ in age, baseline BMD, and other factors
which can affect this outcome. In addition, TBSy, is more sensi-
tive and has better precision error than the TBS measurement
used in most prior studies. The observed changes in TBS with
abaloparatide in our study are consistent with its anabolic action.
In a bone histomorphometry study, 3 months of abaloparatide
treatment stimulated bone formation on all four bone envelopes
in the iliac crest (cancellous, endocortical, intracortical, and peri-
osteal surfaces) and increased both remodeling-based and
modeling-based bone formation.?”

In our post hoc analysis, the number of vertebral fracture
events was too low to evaluate a relationship between changes
in TBS and fracture risk solely in abaloparatide-treated patients
(only four vertebral fractures were seen in that group). Similarly,

studies with teriparatide were not powered to assess the correla-
tion between TBS change and fracture risk.?>) However, when
analyzing the overall population, we found that the odds of hav-
ing a vertebral fracture were much lower in women who had
changes in TBSy, = LSC compared to those with changes in
TBS, < LSC. Consistent with our findings, a number of studies
have demonstrated a relationship between low TBS and
increased fracture risk.'""'33% However, few studies have eval-
uated how treatment-related TBS changes affect fracture risk.
Leslie and colleagues®" showed that antiresorptive (more than
80% bisphosphonate) treatment-related TBS increases were
not significantly related to fracture risk reduction. However, TBS
increases in that study were relatively low and likely reflected
maintenance, rather than improvement, of bone microstructure
(consistent with the mechanism of action of bisphosphonates).
Additional studies are needed to evaluate the correlation
between treatment-related TBS changes and fracture risk in
patients with osteoporosis in which the expected effect of a
given molecule on bone microarchitecture is sufficiently high
(anabolic treatment) or patients are treated sufficiently long
(long-term antiresorptive treatments; eg, minimum 5 years).

Our study has some limitations. First, the number of vertebral
fractures in abaloparatide-treated patients was very small; how-
ever, this is consistent with the large spine BMD gain seen with
this agent and the known correlations between BMD increases
and TBS improvement. In addition, this trial only included osteo-
porotic women, most of whom were white. The generalization of
results to men or other ethnicities should be made with caution.
Also, TBS;, thresholds used in this study were derived from an
offset analysis of the classical TBS thresholds''® and further ver-
ified on a subset of the meta-analysis. The optimal approach
would be to derive the TBSy, thresholds from the same meta-
analysis sample (ie, entire dataset). Finally, the LSC considered
in this analysis was not calculated directly in the study popula-
tion. It was based on LSC values reported previously in the liter-
ature and the change in precision error between TBSgy, and
TBS;, reported by their developers. Our study is limited in regard
to the number of vertebral fractures (27 vertebral fractures in
911 women), thus the grouped analysis (gain or loss in significant
change) adds some power.

Conclusions

Eighteen months of abaloparatide treatment improved bone
microarchitecture, and the improvement in microarchitecture
was twice as large with abaloparatide/alendronate compared
to alendronate alone. 50% of women who were treated with aba-
loparatide had increases in TBSy, greater than or equal to the LSC
at 18 months, an improvement that was associated with
decreased odds of sustaining a vertebral fracture. These findings
suggest that the improvement in bone microarchitecture con-
tributes to the effect of abaloparatide on bone strength and frac-
ture risk reduction.
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