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Abstract
Summary  To evaluate whether treatment sequence affects romosozumab response, this analysis reviewed studies where 
romosozumab was administered before or following an antiresorptive (alendronate or denosumab). Initial treatment with 
romosozumab followed by an antiresorptive resulted in larger increases in bone mineral density of both hip and spine com-
pared with the reverse sequence.
Introduction  Teriparatide followed by an antiresorptive increases bone mineral density (BMD) more than using an antire-
sorptive first. To evaluate whether treatment sequence affects romosozumab response, we reviewed randomized clinical 
trials where romosozumab was administered before (ARCH, FRAME) or following (STRU​CTU​RE, Phase 2 extension) an 
antiresorptive (alendronate or denosumab, respectively).
Methods  We evaluated BMD percentage change for total hip (TH) and lumbar spine (LS) and response rates (BMD 
gains ≥ 3% and ≥ 6%) at years 1 and 2 (except STRU​CTU​RE with only 1-year data available).
Results  With 1-year romosozumab initial therapy in ARCH and FRAME, TH BMD increased 6.2% and 6.0%, and LS BMD 
increased 13.7% and 13.1%, respectively. When romosozumab was administered for 1 year after alendronate (STRU​CTU​RE) 
or denosumab (Phase 2 extension), TH BMD increased 2.9% and 0.9%, respectively, and LS BMD increased 9.8% and 5.3%, 
respectively. Over 2 years, TH and LS BMD increased 7.1% and 15.2% with romosozumab/alendronate, 8.5% and 16.6% 
with romosozumab/denosumab, and 3.8% and 11.5% with denosumab/romosozumab, respectively. A greater proportion of 
patients achieved BMD gains ≥ 6% when romosozumab was used first, particularly for TH, versus the reverse sequence (69% 
after romosozumab/denosumab; 15% after denosumab/romosozumab).
Conclusion  In this study, larger mean BMD increases and greater BMD responder rates were achieved when romosozumab 
was used before, versus after, an antiresorptive agent. Since BMD on treatment is a strong surrogate for bone strength and 
fracture risk, this analysis supports the thesis that initial treatment with romosozumab followed by an antiresorptive will 
result in greater efficacy versus the reverse sequence.
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Introduction

Over the past two decades, studies comparing bone-forming 
with antiresorptive agents in head-to-head trials have shown 
significantly lower incidence of fractures with bone-forming 
agents [1–5]. These findings have led to recommendations to 
consider treatment with bone-forming agents as initial therapy 
in patients at very high risk for fracture, particularly those who 
require rapid fracture risk reduction [6, 7]. Most participants 
in these trials have been treatment naïve or have had minimal 
recent exposure to osteoporosis treatment. Fracture outcomes 
are not available from smaller studies designed to evaluate the 
BMD effects of teriparatide or romosozumab following treat-
ment with bisphosphonates [8–13] or denosumab [13, 14].

In a large meta-regression analysis of 38 randomized 
clinical trials involving 19 different therapeutic agents for 
osteoporosis, the magnitude of total hip BMD gain has 
emerged as a relevant surrogate endpoint for estimating 
fracture risk reduction [15]. In that analysis, treatments 
producing a total hip BMD gain of 2% would be expected 
to reduce hip fracture occurrence by 16%, whereas treat-
ments producing a total hip BMD gain of 6% would be 
expected to reduce hip fracture incidence by 40% [15]. 
Furthermore, in individual patients, the total hip BMD 
level attained during or after treatment with alendronate, 
zoledronic acid, denosumab, or romosozumab is a major 
predictor of subsequent absolute risk of fracture and 
accordingly could serve as a treatment target for osteopo-
rosis therapy [16–20].

Past treatment sequence studies indicate that starting 
with teriparatide and then transitioning to an antiresorptive 
agent increases BMD more than the reverse sequence, with 
the most prominent differences seen in the hip region [14, 
21]. In fact, total hip BMD declines and remains below 
baseline for at least 12 months in patients who transition 
from bisphosphonates to teriparatide and declines promi-
nently and remains below baseline for up to 24 months in 
patients who switch from denosumab to teriparatide [14, 
21]. Data evaluating the sequence of a bisphosphonate or 
denosumab followed by abaloparatide are not available, 
although the sequence of abaloparatide first, followed by 
alendronate, produces substantial benefits to hip BMD [22, 
23].

Romosozumab (EVENITY® [romosozumab-aqqg in the 
USA]) [24] is a bone-forming agent with the dual effect of 
increasing bone formation and decreasing bone resorption 
[25, 26]. When romosozumab is given as the initial ther-
apy, marked increases in BMD have been observed, with 
further BMD increases upon transition to an antiresorptive 
agent as reported in the FRAME and ARCH randomized 
controlled trials (RCTs) [5, 27]. Two additional RCTs 
provide data for evaluation of bone turnover markers and 

BMD effects when antiresorptive agents are given first, 
followed by romosozumab [12, 28].

In this analysis, we reviewed data from the four RCTs 
that evaluated treatment sequences of romosozumab admin-
istered before or following an antiresorptive agent, either 
alendronate or denosumab [5, 12, 27–29]. We evaluated 
changes in total hip and lumbar spine BMD, the propor-
tions of patients who achieved BMD gains ≥ 3% and ≥ 6% 
at the total hip and lumbar spine, and the profile of changes 
in levels of the bone formation marker procollagen type 
I N-terminal propeptide (PINP) and the bone resorption 
marker β-isomer of the C-terminal telopeptide of type I col-
lagen (β-CTX) after 12 and 24 months of treatment with the 
different treatment sequences.

Materials and methods

Studies included in analysis and outcomes

Data from four separate RCTs were analyzed for changes 
from baseline in BMD, PINP, and β-CTX and response rates 
(BMD gains ≥ 3% and ≥ 6%): (1) the Active-contRolled 
fraCture study in postmenopausal women with osteoporosis 
at High risk (ARCH; NCT01631214) [5], (2) the FRActure 
study in postmenopausal women with ostEoporosis 
(FRAME; NCT01575834) [27], (3) the STudy evaluating 
effect of RomosozUmab compared with teriparatide in 
postmenopaUsal women with osteoporosis at high risk 
for fracture pReviously treated with bisphosphonatE 
therapy (STRU​CTU​RE; NCT01796301) [12], and (4) the 
romosozumab Phase 2 dose-finding study extension (Phase 
2 extension; NCT00896532) [28, 29]. The study designs of 
the four RCTs are illustrated in Fig. 1.

ARCH [5] had randomized 4093 women aged 55 to 
90 years with osteoporosis and a prior fragility fracture 
to receive double-blinded subcutaneous romosozumab 
210 mg once monthly or weekly oral alendronate 70 mg for 
12 months, followed by open-label weekly oral alendronate 
70 mg in both groups (Fig. 1). In this analysis, we focus 
on the study arm that received romosozumab followed by 
alendronate. BMD at the lumbar spine and total hip was 
measured at baseline and every 12 months. Mean percentage 
changes from baseline in BMD are presented for the romo-
sozumab arm for patients who had a baseline measurement 
and ≥ 1 postbaseline measurement (n = 1826 for total hip 
BMD; n = 1750 for lumbar spine BMD) [5]. Serum PINP 
and β-CTX levels were assessed in 137 women who had 
enrolled in the biomarker substudy at baseline (before the 
first romosozumab dose) and at months 1, 3, 6, 9, 12, 15, 18, 
and 24. Median absolute changes from baseline (pre-dose) 
in PINP and β-CTX levels are presented through month 24.
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FRAME [27] had randomized 7180 women, aged 55 to 
90 years, with a T-score of − 2.5 to − 3.5 at the total hip 
or femoral neck, to receive double-blinded subcutaneous 
romosozumab 210 mg or placebo monthly for 12 months, 
after which both groups received open-label subcutane-
ous denosumab 60 mg every 6 months for an additional 
12 months (Fig. 1). In this analysis, we focus on the study 
arm that received romosozumab followed by denosumab. 
BMD at the lumbar spine and proximal femur was meas-
ured at baseline and at months 12 and 24. Mean percentage 
changes from baseline in BMD are presented for the 3238 
patients from the romosozumab arm who had a baseline 
measurement and ≥ 1 postbaseline assessment. Serum lev-
els of PINP and β-CTX were assessed in 62 women who 
had enrolled in the biomarker study at baseline (before the 
first romosozumab dose) and months 1, 3, 6, 9, 12, 13, 18, 
and 24. Median absolute changes from baseline (pre-dose) 

in PINP and β-CTX levels are presented through month 
24.

STRU​CTU​RE [12] had enrolled 436 women aged 55 to 
90 years, with a history of nonvertebral fracture after the 
age of 50 years or a vertebral fracture and T-score of ≤  − 2.5 
at the total hip, lumbar spine, or femoral neck who had 
received oral bisphosphonate therapy for ≥ 3 years and oral 
weekly alendronate (70 mg or equivalent) for ≥ 1 year prior 
to screening. Women were randomly assigned to receive 
open-label subcutaneous romosozumab 210 mg monthly 
(218 patients) or daily subcutaneous teriparatide 20 µg (218 
patients) for 12 months (Fig. 1). In this analysis, we focus 
on the arm that received romosozumab after alendronate. 
BMD at the lumbar spine and proximal femur was meas-
ured at baseline and at months 6 and 12. Percentage changes 
from baseline in BMD are presented for the 197 patients 
who received romosozumab and had BMD measurements 

Fig. 1   Study designs for ARCH (a), FRAME (b), STRU​CTU​RE 
(c), and Phase 2 extension (d). For each study, the gray box depicts 
the study arm that was not included in this analysis. N = number of 
patients in the study. n = number of patients in each study arm. aPa-
tients received alendronate in the 1 year immediately before screen-

ing. bOf the 52 women initially randomized to placebo from months 
0–24, 18 were rerandomized to denosumab and 34 to other treatments 
or discontinued study. Q6M every 6 months, QD daily, QMmonthly, 
QW weekly, SC subcutaneous
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at specified timepoints. Serum levels of PINP and β-CTX 
were assessed in all enrolled women at baseline (before 
the first romosozumab dose) and months 1, 3, 6, 9, and 12. 
Median absolute changes from baseline (pre-dose) in PINP 
and β-CTX levels are presented through month 12 for the 
215 patients who received romosozumab and had PINP and 
β-CTX assessments at specified timepoints.

The romosozumab Phase 2 dose-finding study and its exten-
sions [25, 28, 30] had randomized 419 women 55 to 85 years 
old with a low BMD (T-score of ≤  − 2.0 and ≥  − 3.5 at the 
lumbar spine, total hip, or femoral neck) into multiple arms and 
interventions over a 6-year period. In this analysis, we focus on 
the subset of patients (n = 16) who were randomized to placebo 
for 24 months, followed by denosumab for 12 months, and then 
received romosozumab 210 mg for an additional 12 months 
[28, 29] (Fig. 1). For this analysis, percentage changes from 
baseline in BMD were assessed during the 12 months of romo-
sozumab administration (months 36–48) following denosumab 
treatment (months 24–36) and cumulatively during 1 year of 
denosumab followed by 1 year of romosozumab from months 
24–48. Serum levels of PINP and β-CTX were assessed at the 
start of the romosozumab period (at month 36) as the baseline/
month 0 (before the first romosozumab dose) and at months 
1, 3, 6, 9, and 12 during the romosozumab period. Median 
absolute changes in PINP and β-CTX levels from the month 
36 baseline/month 0 (pre-dose) of the romosozumab period 
are presented up to 1 year of the romosozumab administration 
period.

Across the four studies, BMD at the lumbar spine and 
proximal femur had been evaluated by dual-energy x-ray 
absorptiometry (DXA; Lunar, GE Medical Systems, Madison, 
WI, USA or Hologic, Hologic Inc., Bedford, MA, USA) at 
baseline and at the specified times for each study. BioClinica 
(previously known as Synarc, Newark, CA, USA) analyzed 
the scans and provided quality control of individual scans 
and densitometers. Blood had been collected and analyzed 
by contract research laboratories to assess levels of PINP and 
β-CTX.

For the four studies, a responder analysis assessed the 
proportion of patients with a BMD percent change from 
baseline ≥ 3% and ≥ 6% (responders) at both the total hip and 
lumbar spine at months 12 and 24. The ≥ 3% and ≥ 6% cutoff 
points are consistent with cutoff points that have been pre-
viously published, with the ≥ 3% cutoff for response versus 
nonresponse representing the approximate least significant 
change for serial BMD measurements by DXA [31].

Statistical analysis

Percentage changes from baseline in BMD across the four 
studies were assessed using an analysis of covariance 
(ANCOVA) model adjusting for baseline covariates in 

FRAME [27], using a repeated measures model adjusting 
for baseline covariates in ARCH [5] and STRU​CTU​RE 
[12], and as summary statistics in the Phase 2 extension 
[28, 29]. Results are presented as LS means and 95% CI 
for ARCH, FRAME, and STRU​CTU​RE and means and 
95% CI based on summary statistics for the Phase 2 exten-
sion. Comparisons across studies are expressed descrip-
tively only. For the responder analysis, data assessed were 
based on last observation carried forward for ARCH and 
FRAME, observed data for STRU​CTU​RE, and observed 
data for the Phase 2 extension. Serum levels of PINP and 
β-CTX and absolute changes from baseline are presented. 
Percentage changes from baseline in PINP and β-CTX 
across the four studies were assessed by descriptive statis-
tics and are presented as medians and interquartile ranges.

Results

Baseline characteristics

Baseline characteristics of patients from the four studies 
included in this analysis are summarized in Table 1. This 
includes 2046 patients enrolled in the romosozumab-to-
alendronate group in ARCH [5]; 3589 patients enrolled in 
the romosozumab-to-denosumab group in FRAME [27]; 
218 patients enrolled in the romosozumab group after stop-
ping alendronate in STRU​CTU​RE [12]; and 16 patients 
who were initially randomized to placebo for 24 months, 
followed by denosumab for 12 months, and then transi-
tioned to romosozumab for an additional 12 months in the 
romosozumab Phase 2 extension [28, 29].

Baseline demographic and clinical characteristics var-
ied across the four studies (Table 1). In ARCH [5], 96% 
of women had a prevalent vertebral fracture, and 38% 
had a nonvertebral fracture at baseline. In STRU​CTU​RE 
[12], all women had prevalent vertebral and/or nonverte-
bral fractures prior to enrollment. In FRAME [27], 19% 
of patients had a prior vertebral fracture and 22% had a 
previous nonvertebral fracture at baseline. Mean ages were 
oldest in ARCH (74 years), similar in FRAME and STRU​
CTU​RE (71 and 72 years, respectively) and youngest in 
the Phase 2 extension (67 years). Furthermore, consist-
ent with recruitment criteria, mean baseline T-scores were 
similar in ARCH, FRAME, and STRU​CTU​RE, but higher 
in the Phase 2 extension. Baseline levels of bone turno-
ver markers reflected untreated postmenopausal status in 
ARCH and FRAME [5, 27]. Baseline median levels of 
both PINP and β-CTX were low in STRU​CTU​RE and the 
Phase 2 extension, consistent with prior alendronate and 
denosumab treatment, respectively [12, 28, 29].
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BMD gains

Total hip BMD gains

Mean percentage changes from baseline in total hip BMD 
across the four studies are presented in Fig. 2a and b. Mean 
BMD increased 6.2% in ARCH and 6.0% in FRAME with 
1 year of romosozumab (Fig. 2a). In STRU​CTU​RE, after 
patients had switched from alendronate, mean BMD increased 
2.9% with 1 year of romosozumab. In the Phase 2 extension, 
after 1 year of denosumab treatment, mean BMD increased 
0.9% with romosozumab. With the 2-year sequence, total hip 
BMD increased a total of 7.1% in ARCH with romosozumab 
followed by alendronate and 8.5% in FRAME with romo-
sozumab followed by denosumab (Fig. 2b). In the Phase 2 
extension, the total 2-year gain was 3.8% when denosumab 
was followed by romosozumab. Cumulative BMD gains for a 
24-month sequence of alendronate followed by romosozumab 
are not available for STRU​CTU​RE.

Lumbar spine BMD gains

Mean percentage changes from baseline in lumbar 
spine BMD across the four studies are presented in 
Fig. 2c and d. Mean BMD increased 13.7% in ARCH and 
13.1% in FRAME with 1 year of romosozumab (Fig. 2c). 
In STRU​CTU​RE, after patients stopped alendronate, 
mean BMD increased 9.8% with 1 year of romosozumab. 
In the Phase 2 extension, after stopping 1 year of deno-
sumab treatment, mean BMD increased 5.3% with 1 year 
of romosozumab. With the 2-year sequence, lumbar spine 
BMD increased a total of 15.2% in ARCH with romo-
sozumab followed by alendronate and 16.6% in FRAME 
with romosozumab followed by denosumab (Fig. 2d). In 
the Phase 2 extension, the total 2-year BMD gain was 
11.5% with denosumab followed by romosozumab. As 
already stated, the cumulative BMD gains for a 24-month 
sequence of alendronate followed by romosozumab are 
not available for STRU​CTU​RE.

Table 1   Baseline characteristics of patients included in the four studies

Data analyzed were from four studies: (1) ARCH (NCT01631214), FRAME (NCT01575834), STRU​CTU​RE (NCT01796301), and the Phase 2 
extension (NCT00896532)
n = number of patients who received romosozumab in each study
a Patients received oral bisphosphonate therapy for osteoporosis for 3 years, including alendronate for the year prior to starting the study. The 
median duration of previous oral bisphosphonate use was 6.2 (± 2.9) years, while duration of previous alendronate use was 5.5 (± 3.2) years
b Baseline data shown are for month 36 of the Phase 2 extension when patients transitioned from denosumab to romosozumab; duration of previ-
ous denosumab use was 1 year
c All patients had historical fracture (i.e., nonvertebral fractures after age 50 or vertebral fracture), but fractures were self-reported and not con-
firmed or adjudicated
d Data are for the 137 patients who enrolled in the biomarker substudy, received romosozumab, and had PINP and β-CTX measurements at base-
line and at ≥ 1 postbaseline visits
e Data are for the patients who enrolled in the biomarker substudy, received romosozumab, and had PINP (n = 62) and β-CTX (n = 61) measure-
ments at baseline and at ≥ 1 postbaseline visits
β-CTX β-isomer of the C-terminal telopeptide of type I collagen, BMD bone mineral density, ND not determined, PINP procollagen type I N-ter-
minal propeptide, Q1, Q3 first and third quartiles, SD standard deviation

ARCH FRAME STRU​CTU​REa Phase 2 
Extensionb

Romosozumab to alen-
dronate
n = 2046

Romosozumab to deno-
sumab
n = 3589

Alendronate to romo-
sozumab
n = 218

Denosumab to 
romosozumab
n = 16

Age, mean (SD), years 74.4 (7.5) 70.9 (7.0) 71.8 (7.4) 67.1 (4.1)
BMD T-score, mean (SD)

  Lumbar spine  − 2.9 (1.3)  − 2.7 (1.0)  − 2.8 (1.1)  − 2.01 (0.5)
  Total hip  − 2.8 (0.7)  − 2.5 (0.5)  − 2.3 (0.8)  − 1.04 (0.6)
  Femoral neck  − 2.9 (0.5)  − 2.8 (0.3)  − 2.5 (0.7)  − 1.59 (0.5)

Prevalent vertebral fracture, n (%) 1969 (96.2) 672 (18.7) 218 (100)c ND
Previous nonvertebral fracture, n (%) 767 (37.5) 778 (21.7) 218 (100)c ND
PINP, median (Q1, Q3), µg/L 50.6 (37.5, 64.7)d 50.3 (36.2, 65.9)e 25.0 (18.0, 34.0) 17.4 (11.2, 21.4)
β-CTX, median (Q1, Q3), ng/L 276 (166, 407)d 551 (338, 706)e 229 (150, 318) 163 (96, 268)
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BMD responder analysis

Total hip BMD responder analysis

The proportions of patients who achieved BMD 
gains ≥ 3% and ≥ 6% from baseline (responders) at the 
total hip with 1  year of romosozumab were 74% and 

47%, respectively, in ARCH and were very similar in 
FRAME (Table 2). In STRU​CTU​RE, after patients had 
stopped alendronate, the proportion of patients classi-
fied as responders to romosozumab was substantially 
lower for both cutoff points, and in the Phase 2 exten-
sion, after completion of 1 year of denosumab, fewer 
than 10% of patients achieved the lower cutoff point with 

Fig. 2   Mean percentage change from baseline in total hip BMD (a, b) 
and lumbar spine (c, d) at 1 year with romosozumab and cumulative 
2 years after sequential treatment. Data analyzed were from four stud-
ies: ARCH (NCT01631214), FRAME (NCT01575834), STRU​CTU​RE 
(NCT01796301), and the Phase 2 extension (NCT00896532). n = num-
ber of patients who received romosozumab and had total hip or lum-
bar spine BMD measurements at baseline and at specified timepoints. 
Percentage changes from baseline were assessed by an ANCOVA 
model adjusted for baseline covariates in FRAME, a repeated measures 
model adjusted for baseline covariates in ARCH and STRU​CTU​RE, and 
as summary statistics in the Phase 2 extension. Least squares means and 
95% CI are shown for ARCH, FRAME, and STRU​CTU​RE, and means 

and 95% CI based on summary statistics are shown for the Phase 2 
extension. aPatients had received oral bisphosphonate for ≥ 3  years 
before screening and alendronate (70  mg QW) for ≥ 1  year imme-
diately before screening; BMD was not measured in the 1  year of 
alendronate before romosozumab. bPatients received placebo during 
months 0–24, denosumab during months 24–36, and romosozumab 
during months 36–48; cumulative gains are relative to the month 24 
baseline. ALN alendronate; ANCOVA analysis of covariance; BMD 
bone mineral density; CI confidence interval; DMAb denosumab; M 
month; N/A not applicable;  Ph 2 Ext Phase 2 Extension; QW weekly; 
ROMO romosozumab
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romosozumab. Over 2 years, the proportions of patients 
who achieved BMD gains ≥ 3% and ≥ 6% increased to 
79% and 57%, respectively, with romosozumab followed 
by alendronate and were even higher for women who 
received romosozumab followed by denosumab (Table 2). 
In the Phase 2 extension, the responder rate for BMD 
gains ≥ 6% with denosumab followed by romosozumab 
was only 15%.

Lumbar spine BMD responder analysis

More than 90% of par ticipants had lumbar spine 
BMD gain ≥ 3% with 1  year of romosozumab in 
ARCH, FRAME, and STRU​CTU​RE, whereas these 
responder rates were 88%, 89%, and 75%, respec-
tively, for the ≥ 6% cutoff point (Table  2). In the 
Phase 2 extension, after completion of 1 year of den-
osumab treatment, the responder rates with 1 year 
of romosozumab were substantially lower for both 
cutoff points. Over 2  years, responder rates were 
very high for both ≥ 3% and ≥ 6% BMD gain with all 
treatment sequences (Table 2).

Bone turnover markers: PINP and β‑CTX

Median serum changes in PINP and β-CTX levels across 
the four studies are shown in Fig. 3. During year 1 with 
romosozumab in ARCH, PINP increased by 42  µg/L 
(median) above baseline at the 1-month peak and 
decreased to below baseline after month 6 (Fig.  3a). 
Levels of β-CTX decreased by 55 ng/L below baseline 
at month 1 and remained below baseline throughout the 
1 year of treatment (Fig. 3a). Levels of both PINP and 
β-CTX continued to decrease during year 2 upon transi-
tion to alendronate, with nadir levels at months 18 and 15, 
respectively (Fig. 3a).

During year 1 with romosozumab in FRAME, changes 
in levels of PINP and β-CTX were similar to those seen in 
ARCH. PINP increased 44 µg/L above baseline at month 1 
and then decreased to below baseline between months 6 and 9 
(Fig. 3b). Levels of β-CTX decreased by 181 ng/L at month 
1 and remained below baseline throughout the 1 year of 
treatment (Fig. 3b). Both PINP and β-CTX levels con-
tinued to decrease during year 2 upon transition to deno-
sumab, with the nadir levels for both markers at month 
18 (Fig. 3b).

Table 2   Proportion of patients who achieved BMD percentage change from baseline ≥ 3% and ≥ 6% at the total hip and lumbar spine

Data analyzed were from four studies: (1) ARCH (NCT01631214), FRAME (NCT01575834), STRU​CTU​RE (NCT01796301), and the Phase 2 
extension (NCT00896532) using descriptive statistics
n = number of patients who received romosozumab in each study. n1 = number of patients who received romosozumab in each study and had 
baseline and ≥ 1 postbaseline assessment of the parameter of interest; n2 = number of patients who achieved BMD percentage change from base-
line ≥ 3% or ≥ 6%; n3 = number of patients with evaluable data at the time of interest
a Month 12 rows in the table are considering baseline to be the time when patients transitioned from denosumab to romosozumab (actually month 
36 of the Phase 2 extension); month 24 rows in the table are considering baseline to be the time when patients transitioned from placebo to deno-
sumab (actually month 24 of the Phase 2 extension). BMD bone mineral density, ND not determined

ARCH 
n = 2046
n2/n3 (%)

FRAME 
n = 3589
n2/n3 (%)

STRU​CTU​RE 
n = 218
n2/n3 (%)

Phase 2 Extensiona 
n = 16
n2/n3 (%)

Romosozumab to alendronate Romosozumab to denosumab Alendronate to 
romosozumab

Denosumab to 
romosozumab

Achieved BMD percentage change from baseline ≥ 3%
  Total hip n1 = 1826 n1 = 3238 n1 = 206 n1 = 16
    Month 12 1320/1781 (74.1) 2485/3197 (77.7) 92/197 (46.7) 1/13 (7.7)
    Month 24 1279/1622 (78.9) 2608/2903 (89.8) ND 8/13 (61.5)
  Lumbar spine n1 = 1750 n1 = 3170 n1 = 206 n1 = 16
    Month 12 1638/1722 (95.1) 3030/3151 (96.2) 179/197 (90.9) 9/13 (69.2)
    Month 24 1479/1571 (94.1) 2797/2861 (97.8) ND 13/13 (100.0)

Achieved BMD percentage change from baseline ≥ 6%
  Total hip n1 = 1826 n1 = 3238 n1 = 206 n1 = 16
    Month 12 839/1781 (47.1) 1498/3197 (46.9) 28/197 (14.2) 0/13 (0)
    Month 24 920/1622 (56.7) 2015/2903 (69.4) ND 2/13 (15.4)
  Lumbar spine n1 = 1750 n1 = 3170 n1 = 206 n1 = 16
    Month 12 1513/1722 (87.9) 2812/3151 (89.2) 147/197 (74.6) 5/13 (38.5)
    Month 24 1390/1571 (88.5) 2719/2861 (95.0) ND 12/13 (92.3)

1249Osteoporosis International (2022) 33:1243–1256



1 3

Fig. 3   Median absolute changes in serum PINP and β-CTX in women treated with romosozumab prior to antiresorptive therapy (a, b) and in women 
treated with romosozumab after alendronate (c) or denosumab (d). Data analyzed were from ARCH (NCT01631214), FRAME (NCT01575834), 
STRU​CTU​RE (NCT01796301), and the Phase 2 extension (NCT00896532) using descriptive statistics. For the Phase 2 extension, baseline (month 0) 
is at month 36 of the study when patients transitioned from denosumab to romosozumab. n = number of patients who received romosozumab in each 
study and had PINP and β-CTX assessments at baseline and specified timepoints. β-CTX β-isomer of the C-terminal telopeptide of type I collagen; 
PINP procollagen type 1 N-terminal propeptide; Q1, Q3 first and third quartiles; Q6M every 6 months; QM monthly; QW weekly
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In STRU​CTU​RE, after patients had switched from 
alendronate to romosozumab, serum PINP increased by 
34 µg/L above baseline at month 1 and remained above 
baseline throughout the 1 year of treatment (Fig. 3c). 
Serum β-CTX was largely unchanged, decreasing slightly 
at month 1 and then returning to baseline for the remainder 
of the 1 year of treatment (Fig. 3c).

In the Phase 2 extension, after denosumab discontinua-
tion and administration of romosozumab, changes in bone 
turnover markers followed a different pattern from those 
seen in the other three studies. PINP increased minimally at 
month 1, and PINP and β-CTX levels increased gradually, 
in parallel, with the peak PINP increment (48 µg/L above 
baseline) at month 9 and peak β-CTX increment (350 ng/L 
above baseline) at month 12 (Fig. 3d).

Discussion

When used as initial therapy, 1 year of romosozumab pro-
duced large BMD gains at the total hip and lumbar spine, 
which appear greater than those seen with any other single 
therapy [32–34]. In women pretreated with alendronate, 
BMD gains with 1 year of romosozumab were lower than 
those in treatment-naïve women; approximately 50% and 
75% of the BMD increments achieved in treatment-naïve 
patients at the total hip and lumbar spine, respectively. These 
gains in total hip and lumbar spine BMD remain significant 
and were higher than those achieved upon transition from alen-
dronate to teriparatide, as shown directly in STRU​CTU​RE [12]. 
In women pretreated with denosumab, net BMD gains with 
1 year of romosozumab were substantially lower than those 
in treatment-naïve women or those observed following tran-
sition from alendronate. However, stability of total hip BMD 
with romosozumab after denosumab compares favorably with 
transition to teriparatide in the DATA-Switch study (though 
not head-to-head data) [14], where hip BMD remained below 
the transition baseline, even after 2 years of teriparatide treat-
ment. For the 2-year treatment sequences, large BMD gains 
at both the total hip and lumbar spine were observed when 
romosozumab was followed by denosumab or alendronate. 
BMD gains with the 2-year sequence of denosumab followed 
by romosozumab were comparably lower, with a more sub-
stantial differential effect on hip BMD. The 2-year responder 
analyses also indicate that a very high proportion of women 
will attain ≥ 6% BMD gain at the lumbar spine, regardless of 
treatment sequence. However, the sequence of romosozumab 
and denosumab had a greater differential impact on BMD 
response at the total hip.

Our results from the four RCTs reviewed are consistent 
with results observed in a prospective real-world study of 
patients treated with romosozumab for 12 months as first 

therapy or after receiving antiresorptive agents [13, 35]. In 
that study, BMD gains differed significantly in previously 
untreated patients, patients previously treated with bisphos-
phonates, or patients previously treated with denosumab; at 
the total hip, mean BMD gains were 5.6%, 3.3%, and 0.6%, 
respectively, and at the lumbar spine, mean BMD gains were 
18.2%, 10.2%, and 6.4%, respectively. Similar BMD gains at 
the total hip and lumbar spine were also reported in another 
prospective real-world study in which previously untreated 
patients and patients previously treated with bisphospho-
nates or denosumab were treated with romosozumab for 
12 months [36] and in a retrospective real-world study in 
which previously untreated patients and patients previ-
ously treated with bisphosphonates were treated with romo-
sozumab for 12 months [37].

We have limited data on the morphological basis of bone 
strength gains following antiresorptive or anabolic therapy. 
In the primary Phase 2 study, with romosozumab as initial 
therapy, quantitative computed tomography (QCT) assess-
ments indicated that volumetric BMD and bone strength 
at the total hip increased 4.1% and 3.6%, respectively, and 
these changes were a reflection of increments in both cor-
tical and cancellous compartments; similarly, volumetric 
BMD and bone strength at the lumbar spine increased 17.7% 
and 27.3%, respectively, with romosozumab, again with 
demonstrable increments in both cortical and cancellous 
compartments [38, 39]. In a subset of women from ARCH, 
QCT assessments of the lumbar spine also demonstrated 
increments in volumetric BMD and bone strength of both 
cortical and cancellous bone compartments [40]; however, 
there is no information about the cortical and cancellous 
bone compartments at the total hip since QCT assessments 
were not performed in the hip region in ARCH. In STRU​
CTU​RE, with romosozumab after alendronate, volumet-
ric BMD and bone strength at the total hip increased 3.4% 
and 2.5%, respectively, with improvements in both cortical 
and cancellous bone compartments; however, gains in both 
compartments were diminished with the alendronate-to-
romosozumab sequence, compared with the romosozumab 
first sequence [12].

Despite the known limitations of interpreting bone turno-
ver marker levels, absolute changes in serum levels of PINP 
and β-CTX across the studies reviewed here can help explain 
some of the BMD effects observed. In the four studies, serum 
PINP increments peaked at 34–48 µg/L above baseline with 
romosozumab and were similar across the studies; how-
ever, the kinetics of the PINP increase were different when 
romosozumab was administered after denosumab, where we 
observed a slower, progressive elevation and delayed peak. 
Moreover, the effects on β-CTX varied significantly based 
on whether patients were previously untreated, pretreated 
with alendronate, or pretreated with denosumab. Since most 
of the bone formation with romosozumab is modeling-based, 
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and thus independent from baseline bone remodeling rate 
[41], we would expect minimal influence of previous antire-
sorptive treatment on PINP kinetics and BMD gain achieved 
with romosozumab as compared with teriparatide, where 
the majority of the bone formation is remodeling-based. 
Our findings are consistent with this thesis; however, some 
of the initial BMD gain might be related to overfilling of 
the remodeling cavities open at the time romosozumab is 
administered. The magnitude of bone remodeling surface 
is lower in patients who received prior antiresorptive agents 
compared with that in previously untreated patients [42–44], 
particularly with prior denosumab.

Consistent with the known dual effect of romosozumab, 
in previously untreated women, serum PINP levels increased 
and β-CTX levels declined in ARCH and FRAME. Serum 
β-CTX level decreased further upon transition to alen-
dronate, again indicating that the antiresorptive potency of 
alendronate is greater than that of romosozumab. This has 
been demonstrated previously with direct comparisons of 
romosozumab and alendronate in the first year of the Phase 
2 study [25] and in the first year of ARCH [5]. β-CTX lev-
els declined to an even greater degree after transition from 
romosozumab to denosumab, consistent with the known 
greater antiresorptive potency of denosumab compared with 
alendronate [45–48]. The bigger differential effect between 
alendronate and denosumab (after romosozumab) on BMD 
gain at the hip, compared with the spine, might be related 
to differences in alendronate activity at these two skeletal 
sites. The effect of alendronate on remodeling suppression 
is near complete in cancellous bone of the spine, but much 
less prominent in cortical bone [48], leading to greater ulti-
mate BMD gain at the total hip, with the sequence of romo-
sozumab followed by denosumab in FRAME [27] versus 
romosozumab followed by alendronate in ARCH [5].

Following alendronate treatment [12], serum PINP 
increased on transition to romosozumab, while there was no 
significant change in β-CTX. This lack of change in β-CTX 
suggests that the antiresorptive effect of romosozumab is 
sufficiently potent to replace the partial loss of antiresorp-
tive activity, superimposed on the residual alendronate 
action seen after alendronate withdrawal [49]. No further 
antiresorptive action is observed when romosozumab is sub-
stituted for alendronate. The most unusual profile of bone 
turnover marker changes with romosozumab was observed 
when administered after denosumab. The delayed increase in 
serum PINP suggests that ambient bone remodeling activity 
at the time of romosozumab initiation might contribute to 
romosozumab’s early bone-forming effects. The progressive 
increase in β-CTX implies that the antiresorptive potency 
of romosozumab is insufficient to completely prevent the 
bone turnover rebound that normally occurs after deno-
sumab cessation, suggesting that there is more bone resorbed 
over the year, certainly compared with that observed after 

transition from alendronate to romosozumab. Regardless, 
even after denosumab discontinuation, there is still a posi-
tive net balance between resorption and formation, as shown 
by the bone mass increase, albeit smaller than observed in 
treatment-naïve patients or when transitioning from alen-
dronate. Our bone turnover marker results are also consistent 
with those observed in a prospective real-world study where 
the PINP response in previously untreated patients and in 
patients previously treated with bisphosphonates peaked at 
1 month after transition to romosozumab, whereas the PINP 
response was delayed (peaked at 6 months) and prolonged in 
patients previously treated with denosumab after transition 
to romosozumab [13, 35].

For patients on bisphosphonates who still appear to be at 
high risk for fracture, switching to romosozumab leads to 
superior increases in BMD and bone strength than switch-
ing to teriparatide [12]. For patients on denosumab who 
have had a suboptimal response or who must discontinue 
treatment for other reasons [50], switching to romosozumab 
improves spine BMD and maintains or produces a small 
increment in hip BMD. In contrast, in the DATA-Switch 
study [14], women who switched from denosumab to teri-
paratide had a rapid decline in hip BMD, which persisted 
during 2 years of teriparatide treatment, and a large increase 
in serum β-CTX levels associated with both the effect of 
denosumab discontinuation and the pro-remodeling action 
of teriparatide [32, 51, 52]. In contrast to the transition from 
denosumab to teriparatide, the moderate intrinsic antire-
sorptive activity of romosozumab may contribute to a more 
favorable net balance between bone formation and resorp-
tion upon transition from denosumab. This might be of par-
ticular importance for patients sustaining a vertebral frac-
ture despite denosumab therapy and for whom transition to 
romosozumab might be a preferred option. However, further 
research is needed to confirm the BMD effects with romo-
sozumab after longer denosumab therapy and to confirm that 
this treatment sequence will be protective against occurrence 
of multiple vertebral fractures associated with denosumab 
withdrawal [53]. Although the transition from denosumab 
to romosozumab appears to be superior to the transition to 
teriparatide, this inference results from two separate studies 
with a limited number of participants and with no fracture 
endpoints; currently, there are no RCTs directly comparing 
these two regimens.

There are no fracture data from STRU​CTU​RE and the 
Phase 2 extension where antiresorptives were given as the 
first treatment followed by romosozumab. We have drawn 
conclusions about the effectiveness of romosozumab treat-
ment as first therapy based on mean BMD changes; BMD 
changes have been shown to relate to fracture resistance in 
multiple [15] but not all studies [54]. However, even in Reid 
et al. [54], where BMD gain was not associated with frac-
ture risk, absolute BMD level attained after treatment was 
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associated with fracture risk. The relationship between BMD 
attained on treatment and subsequent fracture rates has also 
been demonstrated in prior studies with zoledronic acid [18], 
alendronate [17, 20], denosumab [19], and romosozumab 
[20]. In this analysis, we are not comparing different treat-
ments; our focus is on the effect of treatment sequence with 
romosozumab as the first therapy, compared with romo-
sozumab as the second therapy. Our data show that greater 
improvement is likely when romosozumab is used first.

There are several limitations to the findings in our analy-
sis. We summarized BMD data across four studies that had 
different populations with varying age, fracture prevalence, 
and baseline BMD; however, baseline BMD was adjusted 
within each trial to calculate BMD change (except in the 
Phase 2 extension due to small sample size). In contrast 
to the large sample sizes in ARCH, FRAME, and STRU​
CTU​RE, for the Phase 2 extension, only 16 patients were 
evaluated. Interestingly, the findings discussed here are 
very similar to those observed in another small arm of the 
Phase 2 extension when patients received a second course 
of romosozumab after an intervening year of denosumab 
[28]. A very important caveat is that the effects of switch-
ing from denosumab to romosozumab were investigated 
after only 1 year of denosumab. In contrast, in STRU​CTU​
RE [12], women had been on bisphosphonates for more 
than 6 years (median treatment) before transition to romo-
sozumab. Clearly, more research is needed to evaluate the 
safety and efficacy of longer pretreatment with denosumab 
prior to romosozumab [55]. Data are not available for the 
first year of the alendronate-to-romosozumab sequence 
because BMD increments on alendronate in STRU​CTU​RE 
[12] were not determined (as the study was not designed to 
answer this question). We also acknowledge that the changes 
in bone turnover markers may not necessarily reflect what is 
occurring at the bone surface level in different skeletal sites 
and that the BMD changes are influenced by both change 
in mass and mineralization. The results here are entirely 
descriptive without formal statistical analyses conducted. 
Finally, we recognize that in some regions, financial con-
siderations require initial antiresorptive therapy rather than 
the more expensive bone anabolic therapy. It is imperative 
that clinicians understand the differential bone effects of bis-
phosphonates versus denosumab as initial therapy before 
transitioning to romosozumab in the clinical management 
of their patients. The strengths of this analysis include the 
robustness of the studies conducted [5, 12, 27–29], with fre-
quent quality measurements of both bone turnover markers 
and BMD and the power to detect significant changes in the 
endpoints considered. Our findings are consistent with those 
from similar groups of patients in real-world observational 
studies [13, 35–37].

In conclusion, results from our study show that ini-
tial treatment with 1  year of romosozumab produces 

substantial BMD gains at the total hip and lumbar spine, 
and subsequent transition from romosozumab to a potent 
antiresorptive augments those gains. Romosozumab also 
effectively increases both hip and spine BMD after alen-
dronate and may improve or at least maintain BMD in 
patients after short-term denosumab (1 year). Since BMD 
on treatment is a strong surrogate for fracture reduction 
[17–20], these findings support the concept that untreated 
patients at high risk of fracture should be considered for 
initial treatment with romosozumab. Our results are con-
cordant with recent estimates that a sequence of bone-
forming agents followed by antiresorptive agents would 
prevent more fractures than the reverse sequence [56]. 
Since osteoporosis is a chronic condition requiring long-
term therapy, for those patients at very high risk for frac-
ture who will likely need both bone-forming and antire-
sorptive agents, improved clinical efficacy will be seen if 
the bone-forming agent is used as initial therapy.
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