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ABSTRACT
In a randomized clinical trial in patients initiating glucocorticoid therapy (GC-I) or on long-term therapy (GC-C), denosumab every
6 months increased spine and hip bone mineral density at 12 and 24 months significantly more than daily risedronate. The aim of
this study was to evaluate the effects of denosumab compared with risedronate on bone strength and microarchitecture measured
by high-resolution peripheral quantitative computed tomography (HR-pQCT) in GC-I and GC-C. A subset of 110 patients had high-
resolution peripheral quantitative computed tomography (HR-pQCT) scans of the distal radius and tibia at baseline and at 12 and
24months. Cortical and trabecular microarchitecture were assessed with standard analyses and failure load (FL) with micro-finite ele-
ment analysis. At the radius at 24 months, FL remained unchanged with denosumab and significantly decreased with risedronate in
GC-I (�4.1%, 95% confidence interval [CI] �6.4, �1.8) and, in GC-C, it significantly increased with denosumab (4.3%, 95% CI 2.1, 6.4)
and remained unchanged with risedronate. Consequently, FL was significantly higher with denosumab than with risedronate in GC-I
(5.6%, 95% CI 2.4, 8.7, p < 0.001) and in GC-C (4.1%, 95% CI 1.1, 7.2, p = 0.011). We also found significant differences between deno-
sumab and risedronate in percentage changes in cortical and trabecular microarchitectural parameters in GC-I and GC-C. Similar
results were found at the tibia. To conclude, this HR-pQCT study shows that denosumab is superior to risedronate in terms of prevent-
ing FL loss at the distal radius and tibia in GC-I and in increasing FL at the radius in GC-C, based on significant differences in changes in
the cortical and trabecular bone compartments between treatment groups in GC-I and GC-C. These results suggest that denosumab
could be a useful therapeutic option in patients initiating GC therapy or on long-term GC therapy and may contribute to treatment
decisions in this patient population. © 2022 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

Patients who use glucocorticoids (GC) are at increased risk of
vertebral and non-vertebral fractures, immediately when

they initiate (GC-I) or continue treatment (GC-C).(1-3) In a random-
ized phase 3 clinical trial, gains in areal bone mineral density
(aBMD) by dual-energy X-ray absorptiometry (DXA) were greater
with denosumab than with risedronate at the lumbar spine, fem-
oral neck, total hip, and radius at 12 and 24 months of treatment
in both GC-I and GC-C,(4,5) but that study did not provide insights
into changes in cortical and trabecular microarchitecture or bone
strength.

High-resolution peripheral quantitative computed tomogra-
phy (HR-pQCT) allows assessment of bone microarchitecture
and strength to evaluate disease and treatment effects.(6) Earlier
cross-sectional case–control studies using HR-pQCT reported
disturbed cortical and trabecular microarchitecture and
decreased bone stiffness at the distal radius and tibia in patients
on long-term oral or inhaled GC,(7,8) but data on the effects of
treatment on bone microarchitecture and strength in GC-
induced osteoporosis (GIOP) are lacking. In postmenopausal
women, positive effects have been described with denosumab
and risedronate on bone microarchitecture using HR-pQCT(9-11)

and with denosumab on bone strength using QCT.(9,12,13) How-
ever, the pathophysiology of bone loss in GIOP is different from
postmenopausal osteoporosis (PMOP),(14-19) and thus the treat-
ment effects of denosumab and risedronate on bone microarch-
itecture and strength in PMOP cannot be extrapolated to GIOP.
Therefore, and in view of the differences in the effects on aBMD
between denosumab and risedronate in GC-I and GC-C,(4,5) the
aim of this study was to evaluate changes in cortical and trabec-
ular microarchitecture and estimated bone strength assessed
with HR-pQCT during 24 months with denosumab compared
with risedronate in GC-I and GC-C.

Subjects and Methods

Study population and design

The study population of this HR-pQCT study included a subgroup
of GC-treated patients enrolled in a phase 3, double-blind,
double-dummy, and active-controlled clinical trial on the effects
of denosumab compared with risedronate on aBMD
(NCT01575873). Study population and design of this multicenter
study have previously been described in detail.(4,5) The study was
conducted in accordance with the Declaration of Helsinki and
followed the International Conference for Harmonization Guide-
lines for Good Clinical Practice. An independent review board
approved the study design for each center. Written informed
consent was obtained from each patient before study
participation.

HR-pQCT imaging

HR-pQCT scans were taken from patients who consented to par-
ticipate in this substudy and who were treated in centers with
access to an HR-pQCT scanner. This included a total of
110 (56 denosumab, 54 risedronate) of the 590 GC-treated
patients participating in the main study. The HR-pQCT scans in
all participating centers were acquired using the first-generation
XtremeCT scanner (XtremeCT, Scanco Medical AG, Bruttisellen,
Switzerland), and none of the centers switched to the second-
generation scanner during study duration. All centers applied

the same scan protocol using the default clinical settings defined
by the manufacturer of the scanner to scan a standardized
region of the distal radius and tibia.(20) Additionally, cross-
validation was performed using a dedicated phantom (QRM
Forearm QC phantom, QRM GmbH, Mohrendorf, Germany) that
was scanned at all study sites. This phantom consisted of a
European forearm phantom coupled to a QRM calibration phan-
tom, which allowed for correction of potential X-ray field
inhomogeneities.

Scan-quality assessment and analyses were performed cen-
trally. Baseline and follow-up scans were registered using stan-
dard automatic two-dimensional slice-matching, followed by
analysis of the common bone volume of interest according to
the standard evaluation protocol.(20,21) Additionally, bone
strength was estimated in terms of failure load (FL) and bone
stiffness using standard linear-elastic micro-finite element (μFE)
analysis.(20,22) If the common volume (ie, number of slices over-
lapping at all three visits) was <60, the radius or tibia scans of
all visits of the corresponding patient were excluded from analy-
sis. Cortical assessments were not performed for movement arti-
facts of grade 2 or higher on a scale of 1 (no movement) to
4 (severe movement).(23)

Statistical analysis

Repeated-measures mixed-effects models were used to estimate
the percentage changes from baseline in each treatment group.
Consistent with the main study,(4,5) the models were adjusted for
treatment (main effect) and baseline value (covariate). Duration
of prior GC-use (<12 months versus ≥12 months) was an addi-
tional covariate in the models for GC-C. Percentage changes
were expressed as least-square means with 95% confidence
intervals (95% CI). Additionally, the difference between the
least-square means of denosumab and risedronate was esti-
mated and expressed as least-square means with 95% CI and
p value (significance level α = 0.05; not adjusted for multiple
comparisons).

Results

Baseline characteristics were balanced between the two treat-
ment groups within the GC-I and GC-C subpopulations, except
for lumbar spine T-score in GC-C (Tables 1 and 2). Because of
insufficient slice overlap among visits (<60 slices), radius scans
from three patients and tibia scans from one patient were
excluded from analysis. Common number of slices was >80 for
all patients except for five patients at the radius and two patients
at the tibia (60 to 80 slices). Additionally, the radius scans of one
patient with an old radius fracture and one patient with inconsis-
tent laterality of follow-up compared with baseline were
excluded from analysis. The data of another patient were
excluded for being an outlier due to the near absence of trabec-
ular bone. For five visits, cortical parameters were not assessed in
the radius because of movement artifacts.

Evaluation of estimated bone strength

In GC-I, FL significantly increased compared with baseline at
12 months with denosumab (radius: 1.8%, 95% CI 0.1, 3.6; tibia:
1.7%, 95% CI 0.1, 3.4) and did not change with risedronate
(Table 3 and Fig. 1). This led to significant differences in percent-
age change between the two drugs (radius: 3.3%, p= 0.013; tibia:
2.5%, p = 0.043). At 24 months, FL remained unchanged with
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denosumab, while it significantly decreased compared with
baseline with risedronate at the radius (�4.1%, 95% CI �6.4,
�1.8). This resulted in a significant between-treatment differ-
ence at the radius (5.6%, p < 0.001) and also at the tibia (3.2%,
p = 0.013), although the changes at the tibia at 24 months did
not reach significance. Similar results were found in stiffness.

In GC-C, FL remained unchanged with denosumab and rise-
dronate at 12 months and significantly increased with denosu-
mab (radius: 4.3%, 95% CI 2.1, 6.4) and remained unchanged
with risedronate at 24 months (Table 3 and Fig. 1). Correspond-
ing difference between denosumab and risedronate at
24 months was significant (radius: 4.1%, p = 0.011). Changes
and differences in stiffness were similar.

Evaluation of bone volume

In GC-I and GC-C, significant changes with and differences
between denosumab and risedronate were not found in total
volume, but they were found in cortical volume (Tables 4 and
5). In GC-I at 12 months, cortical volume significantly increased
with denosumab (radius: 1.8%, 95% CI 0.3, 3.3; tibia: 1.0%, 95%
CI 0.0, 2.0) and remained unchanged with risedronate. Conse-
quently, the differences between denosumab and risedronate
were significant (radius: 3.0%, p = 0.008; tibia: 1.8%, p = 0.021).
At 24 months, it significantly changed at the radius with denosu-
mab (2.9%, 95% CI 1.4, 4.5) and risedronate (�2.1%, 95% CI�3.7,
�0.4) with corresponding significant between-treatment differ-
ence (5.0%, p < 0.001). Although the change at the tibia at
24 months did not reach significance, corresponding between-
treatment difference did (2.5%, p = 0.028). In GC-C, cortical vol-
ume remained unchanged with denosumab and risedronate at
12 months. At 24 months, it significantly increased with denosu-
mab (radius: 3.1%, 95% CI 0.5, 5.6; tibia: 5.0%, 95% CI 1.8, 8.1) and
decreased with risedronate (tibia: �2.9%, 95% CI �5.7, �0.1),
resulting in significant between-treatment differences (radius:
4.8%, p = 0.013; tibia: 7.9%, p = 0.001).

Evaluation of BMD and bone microarchitecture

In GC-I, total BMD (Tt.BMD) significantly increased with denosu-
mab at the radius at 12 months (1.2%, 95% CI 0.0, 2.3) and
24 months (2.3%, 95% CI 0.8, 3.7), whereas it remained
unchanged with risedronate (Table 4 and Fig. 1). Corresponding
differences between denosumab and risedronate at the radius
were significant (12 months: 2.1%, p = 0.015; 24 months: 3.7%,
p < 0.001). At the tibia, it remained unchanged with denosumab,
whereas it significantly decreased with risedronate at 24 months
(�1.8%, 95% CI �3.1, �0.5), leading to a significant between-
treatment difference at this time point (2.9%, p = 0.002).

Significant changes and differences were also found in the
cortical bone compartment (Table 4 and Fig. 1). Cortical BMD
(Ct.BMD) remained unchanged at 12 months at the radius and
tibia with denosumab and risedronate, whereas at 24 months,
it significantly changed at the tibia (denosumab: 1.0%, 95% CI
0.2, 1.8; risedronate:�1.1%, 95% CI�1.9,�0.2) with correspond-
ing significant between-treatment difference (2.1%, p < 0.001).
Although it did not change significantly at the radius at
24 months, corresponding between-treatment difference did
(1.4%, p = 0.027). Cortical thickness (Ct.Th) showed more pro-
nounced changes. At the radius, it significantly increased with
denosumab at 12 and 24 months (2.1%, 95% CI 0.4, 3.8, and
2.8%, 95% CI 0.3, 5.2, respectively), whereas it significantly
decreased with risedronate (12 months: �2.4%, 95% CI �4.2,
�0.7; 24 months: �4.0%, 95% CI �6.6, �1.4), resulting in signifi-
cant between-treatment differences (12 months: 4.6%,
p < 0.001; 24 months: 6.7%, p < 0.001). At the tibia, Ct.Th
remained unchanged with denosumab, whereas it significantly
decreased with risedronate at 24 months (�3.7%, 95% CI �5.9,
�1.6), leading to a significant difference between denosumab
and risedronate at 24 months (5.5%, p < 0.001) but also at
12 months (2.5%, p = 0.024). Cortical porosity (Ct.Po) remained
unchangedwith denosumab and risedronate at both time points
and scan locations except for a significant increase at 24 months
with denosumab at the radius and with risedronate at the tibia.

Table 1. Baseline Characteristics

GC-initiating GC-continuing

Risedronate (N = 24) Denosumab (N = 32) Risedronate (N = 30) Denosumab (N = 24)

Female sex 15 (62.5) 19 (59.4) 28 (93.3) 19 (79.2)
Premenopause 0 (0.0) 1 (5.3) 0 (0.0) 1 (5.3)
Postmenopause 15 (100.0) 18 (94.7) 28 (100.0) 18 (94.7)

Age (years) 66.0 � 13.1 68.5 � 9.8 64.2 � 8.8 63.6 � 9.8
Race
White 24 (100.0) 32 (100.0) 30 (100.0) 23 (95.8)
Asian 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
Black or African American 0 (0.0) 0 (0.0) 0 (0.0) 1 (4.2)
Other 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

Baseline daily GC dose (mg)a 18.91 � 9.91 21.41 � 15.68 10.32 � 6.52 11.33 � 4.95
Duration of prior GC use
<12 months 24 (100.0) 32 (100.0) 4 (13.3) 4 (16.7)
≥12 months 0 (0.0) 0 (0.0) 26 (86.7) 20 (83.3)

BMD T-score (DXA)
Lumbar spine �0.77 � 1.83b �0.98 � 1.95 �2.60 � 1.08 �1.64 � 1.80
Total hip �0.77 � 0.79 �1.15 � 0.97b �1.73 � 0.86 �1.62 � 0.85

GC = glucocorticoid; BMD = bone mineral density; DXA = dual-energy X-ray absorptiometry.
Data are reported as n (%) or mean � standard deviation.
aDose in prednisone equivalents.
bAssessed in N-1 individuals.
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Less prominent changes and differences were found in the
trabecular bone compartment (Table 4). Trabecular BMD (Tb.
BMD) remained unchanged at 12 months with denosumab and
risedronate and significantly changed at 24 months with deno-
sumab (radius: 3.4%, 95% CI 1.5, 5.3) but not with risedronate,
resulting in a significant difference between denosumab and
risedronate at this time point (radius: 3.3%, p = 0.020). Similarly,
trabecular bone volume fraction (Tb.BV/TV), number (Tb.N),
thickness (Tb.Th), and separation (Tb.Sp) remained unchanged
with denosumab and risedronate at 12 and 24 months except

with denosumab at 24 months at the radius in Tb.BV/TV, Tb.N,
and Tb.Sp and at the tibia in Tb.BV/TV, but these changes did
not lead to significant differences between denosumab and
risedronate.

In GC-C, Tt.BMD significantly increased with denosumab at
12 months (radius: 2.3%, 95% CI 0.0, 4.5) and 24 months (radius:
5.9%, 95% CI 2.9, 9.0; tibia: 3.9%, 95% CI 2.0, 5.7), whereas it
remained unchanged at both time points with risedronate
(Table 5 and Fig. 1). Corresponding differences between denosu-
mab and risedronate were significant at 12 months (radius: 3.5%,

Table 2. Baseline Characteristics of HR-pQCTMeasurements in Patients Initiating Glucocorticoid Therapy (GC-I) or on Long-Term Therapy
(GC-C) at the Distal Radius and Tibia

GC-initiating GC-continuing

Risedronate (N = 24) Denosumab (N = 32) Risedronate (N = 30) Denosumab (N = 24)
Distal radius n = 24 n = 29 n = 21 n = 20

μFE
Stiffness (kN/mm) 77.8 � 28.6a 75.3 � 33.4b 49.7 � 9.81e 59.6 � 23.1f

FL (kN) 3.94 � 1.40a 3.78 � 1.64b 2.51 � 0.50e 2.98 � 1.17f

Total bone
Total volume (mm3) 2842.5 � 639.1c 3060.5 � 822.7 2538.6 � 447.2g 2603.6 � 658.4
Tt.BMD (mg HA/cm3) 279.2 � 75.8 267.5 � 69.5 213.5 � 54.3 236.0 � 70.0

Cortical bone
Cortical volume (mm3) 522.5 � 148.9c 535.8 � 162.7 416.3 � 71.4g 458.5 � 98.3
Ct.BMD (mg HA/cm3) 792.1 � 69.4 790.7 � 77.3 787.4 � 48.4 777.5 � 104.8
Ct.Th (mm) 0.68 � 0.23 0.67 � 0.24 0.53 � 0.13 0.58 � 0.23
Ct.Po (%) 2.55 � 1.12c 2.75 � 1.24 2.67 � 1.10g 2.83 � 1.34h

Trabecular bone
Tb.BMD (mg HA/cm3) 149.1 � 49.7 140.0 � 46.8 95.2 � 42.9 106.6 � 50.3
Tb.BV/TV (�) 0.12 � 0.04 0.12 � 0.04 0.08 � 0.04 0.09 � 0.04
Tb.N (mm�1) 1.78 � 0.37 1.71 � 0.39 1.36 � 0.44 1.44 � 0.47
Tb.Th (mm) 0.07 � 0.01 0.07 � 0.01 0.06 � 0.01 0.06 � 0.01
Tb.Sp (mm) 0.52 � 0.15 0.56 � 0.21 0.79 � 0.40 0.72 � 0.30

Distal tibia n = 24 n = 29 n = 24 n = 21

μFE
Stiffness (kN/mm) 197.8 � 56.3d 194.4 � 65.5b 134.4 � 27.6h 155.9 � 37.8e

FL (kN) 9.99 � 2.76d 9.85 � 3.20b 6.90 � 1.44h 7.95 � 1.83e

Total bone
Total volume (mm3) 6866.2 � 1096.0a 6963.0 � 1315.9 6462.9 � 1013.9 6345.7 � 911.2
Tt.BMD (mg HA/cm3) 259.5 � 69.7 261.7 � 55.3 192.8 � 41.0 232.2 � 53.4

Cortical bone
Cortical volume (mm3) 1048.5 � 319.8a 1085.5 � 347.2 803.1 � 140.5 925.5 � 140.4
Ct.BMD (mg HA/cm3) 805.3 � 61.6 795.1 � 60.9 793.5 � 61.2 800.2 � 88.2
Ct.Th (mm) 1.03 � 0.37 1.04 � 0.35 0.73 � 0.14 0.89 � 0.27
Ct.Po (%) 7.16 � 1.75a 7.43 � 2.12 7.40 � 3.18 7.60 � 2.88

Trabecular bone
Tb.BMD (mg HA/cm3) 151.3 � 42.2 155.1 � 32.3 106.3 � 41.4 127.6 � 45.8
Tb.BV/TV (�) 0.13 � 0.04 0.13 � 0.03 0.09 � 0.03 0.11 � 0.04
Tb.N (mm�1) 1.72 � 0.38 1.81 � 0.31 1.44 � 0.40 1.63 � 0.46
Tb.Th (mm) 0.07 � 0.01 0.07 � 0.01 0.06 � 0.01 0.07 � 0.01
Tb.Sp (mm) 0.53 � 0.13 0.50 � 0.10 0.68 � 0.19 0.62 � 0.32

μFE=micro-finite element; FL= failure load; Tt.BMD= total bonemineral density; Ct.BMD= cortical bonemineral density; Ct.Th= cortical thickness; Ct.
Po = cortical porosity; Tb.BMD = trabecular bone mineral density; Tb.BV/TV = trabecular bone volume fraction; Tb.N = trabecular number; Tb.
Th = trabecular thickness; Tb.Sp = trabecular separation.
Data are reported as mean � standard deviation.
N = number of randomized patients enrolled in the HR-pQCT substudy; n = number of patients with observed data.
an = 22. bn = 25. cn = 23. dn = 21. en = 15. fn = 14. gn = 20. hn = 19.
Significant differences between risedronate and denosumab are reported in bold (two-sample independent t test; p < 0.05).
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p = 0.030) and 24 months (radius: 7.9%, p = 0.001; tibia: 4.9%,
p < 0.001).

Similar to GC-I, compartmental changes and differences in
GC-C were mainly found in the cortical bone (Table 5 and
Fig. 1). At 12months, Ct.BMD remained unchangedwith denosu-
mab and significantly decreased with risedronate (radius:�1.7%,
95% CI�2.9,�0.6; tibia:�1.6%, 95% CI�2.6,�0.6), resulting in a
significant between-treatment difference at the tibia (1.9%,
p = 0.014) but not at the radius. At 24 months, Ct.BMD signifi-
cantly increased with denosumab (radius: 1.8%, 95% CI 0.5, 3.1)
and significantly decreased with risedronate (radius: �2.3%,
95% CI �3.5, �1.0; tibia: �1.5%, 95% CI �2.4, �0.7) with corre-
sponding significant between-treatment differences (radius:
4.1%, p < 0.001; tibia: 2.3%, p = 0.001). Ct.Th in contrast did not
change significantly with risedronate at 12 months at the radius
and tibia but significantly increased with denosumab at the tibia
(3.3%, 95% CI 0.9, 5.7), resulting in a significant between-
treatment difference (4.5%, p = 0.010). Although the changes
at the radius did not reach significance at 12 months, the
between-treatment difference did (5.2%, p = 0.038). At
24 months, Ct.Th remained unchanged with risedronate,
whereas it significantly increased with denosumab at the radius
(6.4%, 95% CI 1.9, 10.9) with corresponding significant difference
between denosumab and risedronate (10.0%, p= 0.004). No sig-
nificant changes and differences were found in Ct.Po.

Less pronounced changes and differences were found in the
trabecular bone compartment (Table 5). Tb.BMD remained
unchanged at 12 months with denosumab and risedronate and
significantly changed at 24 months with denosumab (radius:
4.7%, 95% CI 0.0, 9.4; tibia: 3.1%, 95%CI 1.1, 5.1) and not with rise-
dronate, resulting in significant differences between denosumab

and risedronate at 24months (radius: 6.8%, p= 0.042; tibia: 3.3%,
p= 0.018). Similar as in GC-I, no significant changes with and dif-
ferences between denosumab and risedronate were found in
the trabecular microarchitecture parameters except for a signifi-
cant change at 24 months with denosumab at the radius in Tb.
BV/TV, Tb.N, and Tb.Sp and at the tibia in Tb.BV/TV with a corre-
sponding just significant between-treatment difference in Tb.N
at the radius.

Discussion

The aim of this HR-pQCT study was to assess changes in cortical
and trabecular microarchitecture and estimated bone strength
during 24 months with denosumab compared with risedronate
in GC-I and GC-C. We found that FL was maintained with denosu-
mab at the radius and tibia in GC-I at 24 months, whereas it
decreased with risedronate at the radius, leading to a significant
difference in FL at the radius and tibia in favor of denosumab. In
GC-C at 24 months, FL significantly increased with denosumab at
the radius, whereas it was maintained with risedronate, resulting
in a significant difference in FL in favor of denosumab at the radius.

In GC-I, maintenance of FL at the radius at 24 months with
denosumab coincided with an increase in Ct.Th, which is com-
patible with the rapid reduction of bone resorption, filling of
existing resorption sites, and appearance of fewer newly exca-
vated sites at the endosteum, similar to a previous report of
denosumab in PMOP.(9) Simultaneously, Ct.BMD remained
unchanged, which indicates that the expected loss in Ct.
BMD(7,8) due to increased intracortical bone remodeling after ini-
tiating high-dose GC(24) did not occur with denosumab. Ct.Po

Table 3. Percentage Change From Baseline in μFE-Based Parameters Describing Bone Strength at the Distal Radius and Tibia in Patients
Initiating Glucocorticoid Therapy (GC-I) or on Long-Term Therapy (GC-C)

Distal radius Distal tibia

Month 12 Month 24 Month 12 Month 24
GC-initiating nD = 25, nR = 22 nD = 23, nR = 20 nD = 25, nR = 21 nD = 23, nR = 18

FL DMAb (N = 32) 1.8 (0.1, 3.6) 1.4 (�0.7, 3.6) 1.7 (0.1, 3.4) 1.6 (�0.1, 3.2)
RIS (N = 24) �1.5 (�3.4, 0.4) �4.1 (�6.4, �1.8) �0.8 (�2.6, 1.0) �1.6 (�3.5, 0.2)
DMAb-RIS 3.3 (0.7, 5.9)* 5.6 (2.4, 8.7)† 2.5 (0.1, 4.9)* 3.2 (0.7, 5.7)*

Stiffness DMAb 1.5 (�0.3, 3.4) 0.9 (�1.3, 3.1) 2.1 (0.1, 4.1) 1.8 (�0.2, 3.7)
RIS �1.9 (�3.9, 0.1) �4.4 (�6.8, �2.0) �0.8 (�3.0, 1.5) �1.6 (�3.8, 0.6)

DMAb-RIS 3.5 (0.8, 6.1)* 5.3 (2.0, 8.5)* 2.9 (�0.1, 5.9) 3.3 (0.4, 6.3)*

GC-continuing nD = 14, nR = 14 nD = 12, nR = 12 nD = 14, nR = 18 nD = 13, nR = 16

FL DMAb (N = 24) 1.8 (�1.4, 5.1) 4.3 (2.1, 6.4) 1.8 (�1.7, 5.3) 3.1 (�0.3, 6.4)
RIS (N = 30) �0.2 (�3.5, 3.0) 0.1 (�2.0, 2.3) 0.1 (�3.0, 3.2) 0.2 (�2.8, 3.2)
DMAb-RIS 2.0 (�2.6, 6.7) 4.1 (1.1, 7.2)* 1.7 (�3.1, 6.5) 2.9 (�1.8, 7.5)

Stiffness DMAb 1.2 (�2.2, 4.6) 3.6 (1.6, 5.5) 2.3 (�1.9, 6.4) 3.7 (�0.3, 7.6)
RIS �0.4 (�3.9, 3.0) �0.1 (�2.0, 1.9) 0.2 (�3.4, 3.9) 0.1 (�3.4, 3.6)

DMAb-RIS 1.6 (�3.3, 6.6) 3.6 (0.9, 6.4)* 2.0 (�3.6, 7.7) 3.5 (�1.9, 8.9)

FL = failure load; DMAb = denosumab; RIS = risedronate.
Data are reported as least-square means (95% confidence interval).
N = number of randomized patients enrolled in the HR-pQCT substudy;
nD = number of patients with observed data receiving denosumab; nR = number of patients with observed data receiving risedronate.
Percentage changes with and differences between the treatment groups are based on repeated-measures mixed-effects models adjusted for treatment

and baseline value (GC-initiating) or treatment, baseline value, and duration of prior GC use (<12 months versus ≥12 months) (GC-continuing). Significant
changes within and differences between the treatment groups are reported in bold (p < 0.05). *p < 0.05; †p ≤ 0.001 for differences between the treatment
groups.
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increased at 24 months, which, together with the unchanged Ct.
BMD, could be the result of the inclusion of highly mineralized
trabeculae in the endosteal border of the cortex. With risedro-
nate, in contrast, FL at the radius decreased at 24 months, which
coincided with a decrease in Ct.Th and consequent significant
difference from denosumab (in favor of denosumab). This effect
on Ct.Th indicates that risedronate, as opposed to denosumab,
could not halt endosteal bone loss in GC-I, which is the result
of increased osteoclast activity by GCs,(25) also at the endosteal
site of the cortex.(26,27) Different effects were found at the tibia,
eg, with denosumab, FL was also maintained at the tibia at
24 months but with an increase in Ct.BMD and not in Ct.Th,
and with risedronate, Ct.BMD was not maintained at the tibia
as was found at the radius but decreased. The latter may be
explained by the coinciding increase in Ct.Po at the tibia, which

indicates that intracortical bone remodeling remained
unchanged with risedronate at the radius but not at the tibia.
The differences between the radius and tibia suggest a role of
the loading of bones, which can be affected by the suppressive
effect of GCs on osteocytes and osteoblasts.(28)

Interestingly, different treatment effects were found in GC-C
compared with GC-I. In GC-C, FL increased at the radius at
24 months with denosumab, which coincided with an increase
in Ct.Th and Ct.BMD. At the tibia, these parameters were main-
tained with denosumab. With risedronate, FL was also main-
tained but coincided with a decrease in Ct.BMD. This implies
that risedronate could not prevent the loss of Ct.BMD with
long-term GC,(7,8) as opposed to denosumab. Ct.Th was main-
tained with risedronate at both scan sites and both time points,
which contrasts with the decrease observed in GC-I.

Fig. 1. Percentage changes from baseline in bone failure load (A), total bonemineral density (Tt.BMD) (B), cortical BMD (Ct.BMD) (C), and cortical thickness
(Ct.Th) (D) at the distal radius and tibia with 60 mg of subcutaneous denosumab every 6 months or 5 mg of oral risedronate daily in patients initiating
(<3 months) or continuing glucocorticoid treatment (≥3 months). Significant changes within the treatment groups compared with baseline are denoted
with ** (p < 0.05); significant changes between the treatment groups are denoted with * (p < 0.05) and † (p ≤ 0.001).
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In both subpopulations, few changes and differences were
found with and between denosumab and risedronate in the tra-
becular bone compartment. At 24 months, Tb.BMD and Tb.N
increased with denosumab at the radius in GC-I and at radius
and tibia in GC-C, whereas these parameters were maintained
with risedronate, leading to a significantly higher percentage
change between denosumab and risedronate. These changes
indicate that trabecular bone was preserved with risedronate
and increased with denosumab, which is in line with changes
in aBMD in the spine and trochanter with denosumab and rise-
dronate.(5) Additionally, the increase in Tb.BMD in GC-I and
GC-C with denosumab, together with the changes in Ct.BMD,

contributed to a significant increase in Tt.BMD in both subpopu-
lations, which was significantly higher than the changes with
risedronate.

The larger effect of denosumab comparedwith risedronate on
bone strength amongGC-C users in this study, who had low BMD
T-score at baseline, agrees with previous findings in postmeno-
pausal women with low BMD. Using QCT, Genant and colleagues
showed significant and progressive increases in polar moment of
inertia (PMI), a measure for bone strength, at the ultradistal, dis-
tal, and proximal radius starting 6 months after treatment with
denosumab.(12) Seeman and colleagues found similar increases
in PMI at the distal radius with denosumab and reported this

Table 4. Percentage Change From Baseline in Parameters Describing Bone Volume, Density, and Microarchitecture of the Distal Radius
and Tibia in Patients Initiating Glucocorticoid Therapy (GC-I)

Distal radius Distal tibia

Month 12
(nD = 24, nR = 23)

Month 24
(nD = 24, nR = 21)

Month 12
(nD = 25, nR = 23)

Month 24
(nD = 24, nR = 20)

Total volume DMAb (N = 32) �1.3 (�2.9, 0.2) �0.9 (�2.4, 0.6)b �0.2 (�0.8, 0.3) �0.1 (�0.6, 0.5)d

RIS (N = 24) �0.4 (�2.0, 1.2)a 0.6 (�1.1, 2.2)b �0.2 (�0.8, 0.3)c �0.5 (�1.1, 0.2)d

DMAb-RIS �1.0 (�3.2, 1.2) �1.5 (�3.7, 0.7) �0.0 (�0.8, 0.7) 0.4 (�0.4, 1.2)
Tt.BMD DMAb 1.2 (0.0, 2.3) 2.3 (0.8, 3.7) 0.6 (�0.3, 1.6) 1.0 (�0.2, 2.2)

RIS �0.9 (�2.1, 0.3) �1.5 (�3.0, 0.1) �0.7 (�1.6, 0.3) �1.8 (�3.1, �0.5)
DMAb-RIS 2.1 (0.4, 3.8)* 3.7 (1.6, 5.8)† 1.3 (�0.1, 2.6) 2.9 (1.1, 4.6)*

Cortical volume DMAb 1.8 (0.3, 3.3) 2.9 (1.4, 4.5)b 1.0 (0.0, 2.0) 1.0 (�0.5, 2.5)d

RIS �1.2 (�2.8, 0.4)a �2.1 (�3.7, �0.4)b �0.8 (�1.9, 0.3)c �1.5 (�3.2, 0.1)d

DMAb-RIS 3.0 (0.8, 5.2)* 5.0 (2.7, 7.3)† 1.8 (0.3, 3.3)* 2.5 (0.3, 4.8)*
Ct.BMD DMAb 0.4 (�0.3, 1.1) 0.5 (�0.3, 1.3) 0.7 (�0.1, 1.4) 1.0 (0.2, 1.8)

RIS 0.0 (�0.6, 0.7) �0.8 (�1.7, 0.1) �0.1 (�0.9, 0.7) �1.1 (�1.9, �0.2)
DMAb-RIS 0.4 (�0.6, 1.3) 1.4 (0.2, 2.5)* 0.7 (�0.4, 1.8) 2.1 (0.9, 3.2)†

Ct.Th DMAb 2.1 (0.4, 3.8) 2.8 (0.3, 5.2) 1.3 (�0.2, 2.8) 1.8 (�0.2, 3.8)
RIS �2.4 (�4.2, �0.7) �4.0 (�6.6, �1.4) �1.2 (�2.7, 0.4) �3.7 (�5.9, �1.6)

DMAb-RIS 4.6 (2.1, 7.0)† 6.7 (3.2, 10.3)† 2.5 (0.3, 4.7)* 5.5 (2.6, 8.5)†
Ct.Po DMAb 1.9 (�4.6, 8.3) 12.5 (4.1, 21.0)b 2.7 (�2.5, 7.9) 1.4 (�2.6, 5.5)d

RIS 3.4 (�3.4, 10.2)a 8.1 (�1.0, 17.1)b 1.6 (�4.0, 7.3)c 6.2 (1.6, 10.8)d

DMAb-RIS �1.5 (�10.9, 7.9) 4.5 (�7.9, 16.9) 1.1 (�6.7, 8.8) �4.7 (�10.9, 1.5)
Tb.BMD DMAb 1.3 (�0.2, 2.8) 3.4 (1.5, 5.3) 0.5 (�0.3, 1.3) 0.8 (�0.5, 2.0)

RIS �0.0 (�1.6, 1.5) 0.1 (�1.9, 2.1) 0.1 (�0.7, 1.0) �0.5 (�1.8, 0.9)
DMAb-RIS 1.3 (�0.8, 3.5) 3.3 (0.5, 6.0)* 0.4 (�0.8, 1.5) 1.2 (�0.6, 3.1)

Tb.BV/TV DMAb 1.5 (�0.1, 3.1) 3.8 (1.8, 5.7) 0.8 (�0.1, 1.7) 1.3 (0.0, 2.7)
RIS 0.4 (�1.3, 2.0) 1.0 (�1.1, 3.1) 0.7 (�0.3, 1.6) 0.4 (�1.0, 1.9)

DMAb-RIS 1.1 (�1.1, 3.4) 2.8 (�0.1, 5.7) 0.1 (�1.2, 1.4) 0.9 (�1.1, 2.9)
Tb.N DMAb 2.7 (�0.7, 6.1) 6.3 (2.3, 10.2) �0.8 (�4.5, 3.0) 2.2 (�1.8, 6.3)

RIS 3.2 (�0.3, 6.6) 3.8 (�0.4, 8.0) 0.1 (�3.8, 4.0) 0.5 (�3.9, 4.9)
DMAb-RIS �0.5 (�5.3, 4.4) 2.4 (�3.3, 8.2) �0.8 (�6.3, 4.6) 1.7 (�4.3, 7.7)

Tb.Th DMAb �1.0 (�4.0, 2.0) �1.5 (�4.3, 1.3) 2.8 (�1.0, 6.6) 0.2 (�3.4, 3.7)
RIS �1.8 (�4.8, 1.3) �2.5 (�5.5, 0.5) 0.9 (�3.0, 4.8) 0.1 (�3.8, 4.0)

DMAb-RIS 0.8 (�3.5, 5.1) 1.0 (�3.1, 5.1) 1.9 (�3.6, 7.4) 0.0 (�5.2, 5.3)
Tb.Sp DMAb �2.4 (�5.9, 1.0) �5.8 (�9.7, �2.0) 1.6 (�2.1, 5.4) �1.3 (�5.1, 2.5)

RIS �2.4 (�5.9, 1.1) �2.7 (�6.9, 1.4) 0.5 (�3.4, 4.4) �0.2 (�4.4, 3.9)
DMAb-RIS �0.1 (�5.0, 4.9) �3.1 (�8.7, 2.6) 1.1 (�4.3, 6.6) �1.1 (�6.7, 4.6)

DMAb = denosumab; RIS = risedronate; Tt.BMD = total bone mineral density; Ct.BMD = cortical bone mineral density; Ct.Th = cortical thickness; Ct.
Po = cortical porosity; Tb.BMD = trabecular bone mineral density; Tb.BV/TV = trabecular bone volume fraction; Tb.N = trabecular number; Tb.
Th = trabecular thickness; Tb.Sp = trabecular separation.
Data are reported as least-square means (95% confidence interval).
N = number of randomized patients enrolled in the HR-pQCT substudy; nD = number of patients with observed data receiving denosumab;

nR = number of patients with observed data receiving risedronate.
anR = 22. bnR = 20 and nD = 23. cnR = 21. dnR = 18 and nD = 23.
Percentage changes with and differences between the treatment groups are based on repeated-measures mixed-effects models adjusted for treatment

and baseline value. Significant changes within and differences between the treatment groups are reported in bold (p < 0.05). *p < 0.05 and †p ≤ 0.001 for
differences between the treatment groups.
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effect to be superior over that with alendronate.(9) They found,
however, an increase in PMI and a maintained Ct.BMD with alen-
dronate, whereas we found amaintained FL and a decrease in Ct.
BMD with risedronate. This difference between risedronate and
alendronate agrees with previously reported larger gains in lum-
bar spine, femoral neck, and total hip aBMD at 24 months with
alendronate than with risedronate in postmenopausal women
with low BMD without GC-use.(29) Interestingly, the results for
Tt.BMD were in general similar to those for FL. Further studies
are needed to analyze which bone parameters influence
changes in FL in GC users and to what degree.

Aside from Tt.BMD (GC-C) and Tb.BMD (GC-I and GC-C), the
changes in FL and stiffness and multiple other HR-pQCT

parameters were less than pooled least significant changes
(LSCs) at the individual level(30); nevertheless, they may be clini-
cally relevant at the group level in clinical trials. Although the
LSC of total hip BMD in postmenopausal women has been found
to be approximately 4.5%,(31,32) a recent meta-analysis of
placebo-controlled clinical trials on anti-osteoporosis drugs
showed that an increase in mean total hip BMD of 2% was asso-
ciated with a decrease in vertebral and hip fracture risk of 28%
and 16%, respectively.(33) Furthermore, a difference in mean
change between treatment and placebo in total hip BMD of
more than 1.4%, 3.2%, and 2.1% was associated with risk reduc-
tions of vertebral, hip, and non-vertebral fractures, respec-
tively.(34) The authors concluded that these levels of mean BMD

Table 5. Percentage Change From Baseline in Parameters Describing Bone Volume, Density, and Microarchitecture of the Distal Radius
and Tibia in Patients on Long-Term Glucocorticoid Therapy (GC-C)

Distal radius Distal tibia

Month 12
(nD = 14, nR = 16)

Month 24
(nD = 12, nR = 13)

Month 12
(nD = 15, nR = 19)

Month 24
(nD = 13, nR = 16)

Total volume DMAb (N = 24) 0.9 (�1.3, 3.1) �0.2 (�2.0, 1.6) �0.0 (�0.8, 0.8)a �0.3 (�1.4, 0.7)
RIS (N = 30) 0.4 (�1.8, 2.6)a 0.1 (�1.7, 1.9)b 0.5 (�0.3, 1.2)e 0.3 (�0.7, 1.2)
DMAb-RIS 0.5 (�2.7, 3.6) �0.3 (�2.9, 2.2) �0.5 (�1.6, 0.6) �0.6 (�2.0, 0.8)

Tt.BMD DMAb 2.3 (0.0, 4.5) 5.9 (2.9, 9.0) 1.7 (�0.2, 3.6) 3.9 (2.0, 5.7)
RIS �1.2 (�3.3, 0.9) �1.9 (�4.9, 1.0) �0.9 (�2.6, 0.8) �1.1 (�2.7, 0.6)

DMAb-RIS 3.5 (0.4, 6.6)* 7.9 (3.5, 12.2)† 2.6 (�0.1, 5.2) 4.9 (2.4, 7.5)†
Cortical volume DMAb 1.8 (�0.1, 3.8) 3.1 (0.5, 5.6) 1.2 (�1.1, 3.6)a 5.0 (1.8, 8.1)

RIS �0.6 (�2.5, 1.4)a �1.8 (�4.3, 0.8)b �1.0 (�3.0, 1.1)e �2.9 (�5.7, �0.1)
DMAb-RIS 2.4 (�0.4, 5.2) 4.8 (1.1, 8.6)* 2.2 (�1.0, 5.4) 7.9 (3.5, 12.3)†

Ct.BMD DMAb �0.3 (�1.5, 1.0) 1.8 (0.5, 3.1) 0.3 (�0.8, 1.3) 0.8 (�0.2, 1.7)
RIS �1.7 (�2.9, �0.6) �2.3 (�3.5, �1.0) �1.6 (�2.6, �0.6) �1.5 (�2.4, �0.7)

DMAb-RIS 1.5 (�0.2, 3.2) 4.1 (2.3, 5.9)† 1.9 (0.4, 3.3)* 2.3 (1.0, 3.6)†
Ct.Th DMAb 2.7 (�0.8, 6.2) 6.4 (1.9, 10.9) 3.3 (0.9, 5.7) 3.3 (�0.6, 7.3)

RIS �2.5 (�5.7, 0.8) �3.6 (�7.9, 0.7) �1.2 (�3.2, 0.9) �1.8 (�5.3, 1.6)
DMAb-RIS 5.2 (0.3, 10.0)* 10.0 (3.5, 16.5)* 4.5 (1.2, 7.8)* 5.2 (�0.7, 11.0)

Ct.Po DMAb 5.9 (�2.8, 14.7)c 0.6 (�15.7, 16.8)d �0.5 (�6.8, 5.9)a 6.1 (�1.1, 13.3)
RIS 0.3 (�8.2, 8.7)a 14.1 (�1.4, 29.7)b 2.3 (�3.2, 7.9)e �3.5 (�10.0, 3.0)

DMAb-RIS 5.7 (�6.5, 17.8) �13.6 (�36.3, 9.2) �2.8 (�11.2, 5.6) 9.6 (�0.1, 19.3)
Tb.BMD DMAb 1.4 (�2.4, 5.2) 4.7 (0.0, 9.4) 0.4 (�1.9, 2.6) 3.1 (1.1, 5.1)

RIS �2.0 (�5.5, 1.6) �2.1 (�6.6, 2.4) �0.7 (�2.7, 1.3) �0.2 (�2.0, 1.6)
DMAb-RIS 3.4 (�1.8, 8.6) 6.8 (0.3, 13.3)* 1.1 (�2.0, 4.1) 3.3 (0.6, 6.0)*

Tb.BV/TV DMAb 1.9 (�1.2, 5.1) 5.3 (1.5, 9.2) 0.9 (�1.4, 3.1) 3.7 (1.5, 5.8)
RIS 0.3 (�2.6, 3.3) 0.2 (�3.5, 3.9) 0.8 (�1.2, 2.8) 1.3 (�0.7, 3.2)

DMAb-RIS 1.6 (�2.7, 5.9) 5.1 (�0.3, 10.5) 0.1 (�2.9, 3.1) 2.4 (�0.6, 5.3)
Tb.N DMAb 3.7 (�1.1, 8.4) 5.9 (1.0, 10.7) �0.6 (�6.3, 5.0) 2.7 (�4.8, 10.2)

RIS �1.4 (�5.9, 3.1) �1.0 (�5.7, 3.7) �1.9 (�6.9, 3.1) 1.8 (�4.9, 8.6)
DMAb-RIS 5.1 (�1.5, 11.6) 6.9 (0.1, 13.7)* 1.2 (�6.4, 8.8) 0.8 (�9.3, 11.0)

Tb.Th DMAb �1.0 (�5.3, 3.4) 1.2 (�3.9, 6.4) 4.0 (�1.8, 9.9) 3.8 (�1.8, 9.3)
RIS 1.5 (�2.6, 5.5) 0.5 (�4.5, 5.4) 2.8 (�2.4, 8.0) �0.7 (�5.7, 4.3)

DMAb-RIS �2.4 (�8.4, 3.5) 0.8 (�6.4, 8.0) 1.2 (�6.7, 9.2) 4.4 (�3.2, 12.0)
Tb.Sp DMAb �3.2 (�8.0, 1.5) �5.0 (�9.6, �0.3) 1.8 (�4.2, 7.9) �1.3 (�8.5, 5.8)

RIS 1.8 (�2.7, 6.3) 1.3 (�3.2, 5.7) 2.7 (�2.7, 8.1) �0.7 (�7.1, 5.7)
DMAb-RIS �5.0 (�11.6, 1.5) �6.2 (�12.7, 0.2) �0.9 (�9.0, 7.3) �0.6 (�10.3, 9.0)

DMAb = denosumab; RIS = risedronate; Tt.BMD = total bone mineral density; Ct.BMD = cortical bone mineral density; Ct.Th = cortical thickness; Ct.
Po = cortical porosity; Tb.BMD = trabecular bone mineral density; Tb.BV/TV = trabecular bone volume fraction; Tb.N = trabecular number; Tb.
Th = trabecular thickness; Tb.Sp = trabecular separation.
Data are reported as least-square means (95% confidence interval).
N = number of randomized patients enrolled in the HR-pQCT substudy; nD = number of patients with observed data receiving denosumab;

nR = number of patients with observed data receiving risedronate.
anR = 14 and/or nD = 14. bnR = 12. cnD = 13. dnD = 11. enR = 18.
Percentage changes with and differences between the treatment groups are based on repeated-measuresmixed-effects models adjusted for treatment,

baseline value, and duration of prior GC-use (<12 months versus ≥12 months). Significant changes within and differences between the treatment groups
are reported in bold (p < 0.05). *p < 0.05 and †p ≤ 0.001 for differences between the treatment groups.
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changes over time and differences between groups support
BMD as a surrogate outcome for fracture outcomes at the group
level in randomized trials of new osteoporosis therapies.(33,34) By
analogy, in Tt.BMD, we found significant changes with denosu-
mab of 1.2% to 5.9% and differences between denosumab and
risedronate of 2.1% to 7.9%, which are similar to or exceed these
changes in total hip BMD. Besides that, mean HR-pQCT parame-
ters at the group level have been found to improve fracture pre-
diction beyond femoral neck BMD alone, with FL having the
strongest association.(35) Also in FL, we found significant changes
with denosumab and differences between denosumab and rise-
dronate that were similar to or larger than these clinically rele-
vant changes in total hip BMD. In analogy with the studies of
Bouxsein and colleagues(33) and Black and colleagues(34) on the
use of DXA as a surrogate marker for the effect on fractures, fur-
ther study is needed to investigate the association between the
level of changes and between-treatment differences in HR-pQCT
parameters on the one hand and the effect on fracture risk on
the other hand to better elucidate the clinical relevance of
changes in the HR-pQCT parameters with anti-osteoporosis
drugs.(36) Also, the correlation between changes and differences
in FL with changes and differences in other HR-pQCT parameters
requires further study.

The findings of the current study can contribute to treatment
decisions for fracture prevention in GC-I and GC-C. With only lim-
ited fracture data from clinical trials on GIOP, fracture reduction
with GIOP treatments is mostly based on an extrapolation of frac-
ture risk reductions ascertained in clinical trials on treatments of
osteoporosis in general.(37) In clinical trials in postmenopausal
women, changes in lumbar spine, femoral neck, and total hip
aBMD are considered a useful surrogate endpoint for fracture.(33)

However, the relation between aBMD and fracture risk is differ-
ent in GIOP than PMOP, with a higher fracture risk in GC users
than nonusers with the same aBMD.(14-19,37) HR-pQCT parame-
ters and FL improve fracture prediction beyond femoral neck
aBMD.(35) In GC-I, with only moderately low T-scores, the aim of
fracture prevention is then to preserve FL, whereas in GC-C, with
considerably lower T-scores reflecting already mechanically
compromised bone, the aim is to increase FL. As such, HR-pQCT
assessment may give additional insights into bone strength in
clinical trials that are not powered to evaluate fracture preven-
tion, especially when limited study populations can be included,
such as in GC-I and GC-C.

Both aims were attained by denosumab but not by risedro-
nate in this study, but awareness is needed regarding desired
therapeutic option. For example, the effects of drug discontinu-
ation require attention. In contrast to risedronate and other
bisphosphonates, denosumab is not incorporated into the bone
matrix. Correspondingly, recent data indicate an increased bone
turnover after discontinuation of denosumab resulting in rapid
BMD loss and an increased risk of multiple vertebral fractures.(38)

It is therefore important that treatment with denosumab should
not be stopped without considering alternative antiresorptive
treatment.(39) Another possible difference between anti-
osteoporosis drugs that requires attention is the adherence rate
due to differences in drug administration. Nevertheless, in this
study, the adherence rate was high for both oral and injectable
administration: Based on the determination of “important proto-
col deviations” after medical review by the original study site
and team, only 8.2% and 0.9% missed >20% of an oral product
(placebo or risedronate) during the first 12 and 24 months,
respectively, and none of the patients missed an injectable (pla-
cebo or denosumab) during the entire study duration.

Despite the strengths and its novelty, this study has several
limitations. First, data were obtained using the first-generation
HR-pQCT scanner, which limits direct measurement of trabecular
microarchitecture to Tb.N and the quantification of Ct.Po to
pores larger than the scan resolution.(20) Use of the second-
generation HR-pQCT scanner with higher resolution would have
allowed more detailed assessment of trabecular microarchitec-
ture and Ct.Po and may have an improved reproducibility but
was not available in the participating centers. Second, only stan-
dard HR-pQCT parameters were quantified. However, BMD is
influenced by void volumes, whereas volumetric tissue mineral
density purely examines mineralized bone. The latter parameter
may therefore provide better understanding of the combined
effects of denosumab on Ct.BMD, Ct.Th, and Ct.Po (eg, the
increase in Ct.BMD in GC-C at 24 months without a coinciding
decrease in Ct.Po) but was not calculated. Furthermore, the stan-
dard parameters do not provide detailed insights into endosteal
changes. For example, the unchanged total bone volume and
increased Ct.Th with denosumab at the radius at 24 months in
GC-C suggest that the corresponding increase in FL could be
the result of endocortical changes. However, quantification of
such changes requires more advanced analysis methods, such
as the recent method to separately segment compact-appearing
cortical bone and cortical transitional zones to evaluate cortical
parameters in greater detail in each segment.(40) Third, we indi-
cated the significance of changes from baseline and for differ-
ences between treatment groups without correction for
multiplicity, as in other studies reporting themultiple parameters
generated with HR-pQCT during treatment versus placebo or
between drugs (eg, Seeman and colleagues(9) and Tsai and col-
leagues(10)). When using a false discovery rate (FDR)-based
adjustment to correct for multiple testing to reject false positive
results, we found that the differences between denosumab and
risedronate at 24 months remained significant at the radius for
FL, stiffness, Tt.BMD, cortical volume, and Ct.Th in GC-I and for
Tt.BMD, Ct.BMD, and Ct.Th in GC-C, and at the tibia for Tt.BMD,
Ct.BMD, and Ct.Th in GC-I and for Tt.BMD, cortical volume, and
Ct.BMD in GC-C. Trabecular parameters were not significantly
different any more between treatment groups after FDR
adjustment.

In conclusion, in this HR-pQCT study, we found that denosu-
mab was superior to risedronate in terms of preventing FL and
Tt.BMD loss in GC-I at the radius and tibia and in increasing FL
and Tt.BMD in GC-C at the radius. We also identified underlying
differences in changes in the cortical and trabecular bone com-
partments between denosumab and risedronate in GC-I and
GC-C. These results suggest that denosumab could be a useful
therapeutic option in patients initiating GC therapy or on long-
term GC therapy and may contribute to treatment decisions in
this patient population.
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