
Vol.:(0123456789)

Osteoporosis International 
https://doi.org/10.1007/s00198-024-07161-x

ORIGINAL ARTICLE

Efficacy and safety of candidate biosimilar CT‑P41 versus reference 
denosumab: a double‑blind, randomized, active‑controlled, Phase 3 
trial in postmenopausal women with osteoporosis

Jean‑Yves Reginster1  · Edward Czerwinski2 · Krzysztof Wilk2 · Przemysław Borowy2 · Anna Strzelecka3 · 
Tomasz Budlewski3 · Monika Janowska‑Maus3 · Krzysztof Szymanowski4  · Joanna Kwiatek5 · Svitlana Postol6 · 
Airi Põder7 · Jerzy Supronik8 · SungHyun Kim9 · JeeHye Suh9 · NooRi Han9 · NaHyun Kim9 · SeoHee Bae9 · 
Stuart L. Silverman10 

Received: 4 April 2024 / Accepted: 19 June 2024 
© The Author(s) 2024

Abstract
Summary This 78-week (18-month) study conducted in 479 postmenopausal women with osteoporosis evaluated the efficacy, 
pharmacodynamics, pharmacokinetics, safety, and immunogenicity of candidate biosimilar CT-P41 relative to US reference 
denosumab. CT-P41 had equivalent efficacy and pharmacodynamics to US-denosumab, with similar pharmacokinetics and 
comparable safety and immunogenicity profiles. 
Purpose To demonstrate equivalence of candidate biosimilar CT-P41 and US reference denosumab (US-denosumab) in 
postmenopausal women with osteoporosis. 
Methods This 78-week (18-month), double-blind, randomized, active-controlled Phase 3 study (NCT04757376) comprised 
two treatment periods (TPs). In TPI, patients (N = 479) were randomized 1:1 to 60 mg subcutaneous CT-P41 or US-deno-
sumab. At Week 52, those who had received CT-P41 in TPI continued to do so. Those who had received US-denosumab were 
randomized (1:1) to continue treatment or switch to CT-P41 in TPII. The primary efficacy endpoint was percent change from 
baseline in lumbar spine bone mineral density at Week 52. Efficacy equivalence was concluded if associated 95% confidence 
intervals (CI) for least squares (LS) mean group differences fell within ± 1.503%. The primary pharmacodynamic (PD) end-
point was area under the effect curve for serum carboxy-terminal cross-linking telopeptide of type I collagen through the 
first 26 weeks, with an equivalence margin of 80–125% (for 95% CIs associated with geometric LS mean ratios). 
Results Equivalence was demonstrated for CT-P41 and US-denosumab with respect to primary efficacy (LS mean differ-
ence [95% CI]: − 0.139 [− 0.826, 0.548] in the full analysis set and − 0.280 [− 0.973, 0.414] in the per-protocol set) and PD 
(geometric LS mean ratio [95% CI]: 94.94 [90.75, 99.32]) endpoints. Secondary efficacy, PD, pharmacokinetics, and safety 
results were comparable among all groups up to Week 78, including after transitioning to CT-P41 from US-denosumab. 
Conclusions CT-P41 was equivalent to US-denosumab in women with postmenopausal osteoporosis, with respect to primary 
efficacy and PD endpoints. 
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Introduction

Osteoporosis affects around 20% of the world’s population 
and is a primary cause of bone fractures in older adults. 
Under-treatment of osteoporosis, or treatment cessation, 
increases fracture risk [1–3]. In addition to significant 
effects on patient health, independence, and quality of life, 
osteoporosis places substantial economic burden on health-
care systems, particularly with regards to fracture treatment. 
As the global population ages, societal impacts are set to 
increase [1–5].

Denosumab is a human monoclonal antibody selectively 
targeting receptor activator of nuclear factor kappa-B ligand 
(RANKL) [6–8]. Binding of denosumab to RANKL prevents 
RANKL from interacting with its receptor (RANK) on the 
surface of osteoclasts and osteoclast precursors, thus inhibit-
ing osteoclast formation, function, and survival, and reducing 
bone resorption [6]. By inhibiting bone resorption, denosumab 
increases bone mineral density (BMD) and reduces fracture 
risk [6–11]. In the USA and European Union, denosumab is 
approved for osteoporosis treatment in patients with high risk 
of fractures [7, 8]. 

Biologic therapies, such as denosumab, have become increas-
ingly important across a range of therapy areas, but treatment 
access can be hampered by costs [12]. The availability of bio-
similars, developed according to stringent regulations and which 
must have highly similar properties to the approved reference 
product, can drive down costs, reducing burden on healthcare 
systems and enabling more equitable treatment access [13, 14]. 
The first denosumab biosimilars have recently been approved in 
the USA [15] and Europe [16]. Several are in clinical develop-
ment [17–19]. CT-P41 is a candidate denosumab biosimilar that, 
in a Phase 1 study involving male participants (NCT06037395), 
demonstrated pharmacokinetic (PK) equivalence to US-licensed 
reference denosumab (US-denosumab) [20].

We report findings of a double-blind, randomized, active-
controlled Phase 3 study comparing CT-P41 to US-denosumab 
in women with postmenopausal osteoporosis. The primary 
objectives were to demonstrate the equivalence of CT-P41 to 
US-denosumab, with respect to the primary efficacy endpoint 
(percent change from baseline in lumbar spine BMD at Week 
52) and pharmacodynamics (PD; through the first 26 weeks). 
Secondary efficacy, PD, PK, and safety endpoints, including 
immunogenicity, were also evaluated.

Methods

Study design

This double-blind, randomized, active-controlled Phase 3 
study (NCT04757376) was conducted at 20 sites in four 

countries (Supplementary Table 1). The study comprised 
four periods (Supplementary Fig.  1): an initial 28-day 
screening period (Day − 28 to Day − 1), followed by Treat-
ment Period I (TPI; Week 0 [Day 1] to Week 52 predose), 
Treatment Period II (TPII; Week 52 to Week 78), and an 
end-of-study (EOS) visit at Week 78 (Month 18). On Day 
1, eligible patients were randomly assigned (1:1 ratio) to 
receive CT-P41 (Celltrion Inc., Incheon, Republic of Korea) 
or US-denosumab (Amgen Inc., Thousand Oaks, CA, USA). 
Before initiating TPII, all patients underwent a second ran-
domization process to maintain blinding. Patients who 
received CT-P41 in TPI continued to receive CT-P41 (“CT-
P41 maintenance”); patients who received US-denosumab 
in TPI were randomized (1:1) to continue US-denosumab 
(“US-denosumab maintenance”) or switch to CT-P41 
(“switched to CT-P41”).

Study drug was administered in 60 mg doses via a pre-
filled syringe at Weeks 0 (Day 1), 26, and 52, as a single 
subcutaneous injection into the upper arm, upper thigh, 
or abdomen. Administration was carried out by prede-
fined, unblinded clinical staff, since the visual appear-
ance of the two study drugs was not identical. Patients 
were blinded to treatment assignment using a blindfold, 
screen, or similar to ensure the prefilled syringe was not 
visible. Staff conducting study assessments were absent 
throughout the dosing procedure and remained blinded 
throughout the study.

Randomization schedules were generated by unblinded 
biostatisticians using an interactive web response sys-
tem. Randomizations were balanced using permuted 
blocks (block size: 2, 4 [mixed]). The first randomiza-
tion was stratified by age (< 65 years versus ≥ 65 years), 
baseline BMD T-score at the lumbar spine (≤ − 3.0 ver-
sus >  − 3.0), and prior bisphosphonate therapy (yes/
no). The second randomization was stratified by change 
from baseline lumbar spine BMD at Week 52 (≥ 3% ver-
sus < 3%; centrally read at baseline and locally read at 
Week 52). Stratification variables were based on inter-
national guidelines on the recommended age for osteo-
porosis screening in women, stringent criteria for osteo-
porosis definition, and assessment of bone metabolism 
[21, 22]. Due to the COVID-19 pandemic and conflict 
in Ukraine, global and country-specific protocol amend-
ments were necessary after the first patient was rand-
omized (Supplementary Methods).

This study was conducted according to Good Clinical 
Practice, the principles of the Declaration of Helsinki, and 
national, state, and local laws or regulations. Study mate-
rials were approved by independent ethics committees/
institutional review boards at each site (Supplementary 
Table 1). All participants provided written informed con-
sent prior to study initiation. 



Osteoporosis International 

Participants

Study participants were postmenopausal women aged 50 
to 80 years, inclusive. Key inclusion criteria comprised 
the following: ≥ 3 evaluable vertebrae in the lumbar spine 
(L1 to L4); lumbar spine (L1 to L4) BMD T-score ≤  − 2.5 
and ≥  − 4.0 at screening, as assessed by dual-energy X-ray 
absorptiometry (DXA) scan; ≥ 1 evaluable hip by DXA at 
screening; good general health, determined at the investiga-
tor’s discretion by medical history, physical examination, 
and laboratory tests; and ability to walk without assistance. 
Exclusion criteria included prior treatment with reference/
biosimilar denosumab or other biologics for osteoporosis; 
receipt of intravenous bisphosphonates, fluoride, or stron-
tium for osteoporosis within the last 5 years prior to first 
administration of study drug; receipt of oral bisphospho-
nates ≥ 3 years cumulatively prior to screening or receipt 
of any dose of oral bisphosphonates within 12  months 
before screening; and use of oral or parenteral glucocorti-
coids (> 5 mg/day prednisone or equivalent for > 10 days) 
within 3 months before first administration of study drug. 
Other key exclusion criteria included current or historical 
vertebral fractures (1 severe or > 2 moderate), hip fracture, 
hyperparathyroidism/hypoparathyroidism, hyperthyroidism/
hypothyroidism (unless currently well controlled on stable 
therapy), bone/metabolic disease (except osteoporosis) that 
might interfere with interpretation of results, certain oral/
dental conditions (including osteomyelitis and osteonecrosis 
of the jaw [ONJ]), dental conditions requiring oral surgery, 
and planned invasive dental procedures. Full eligibility cri-
teria are detailed in the Supplementary Methods.

Study endpoints and assessments

Full details of study assessments and time points for evalu-
ation are shown in Supplementary Table 2. In brief, for effi-
cacy, DXA scans and lateral spine X-rays were conducted at 
screening, Week 26, Week 52, and Week 78 (EOS). Quality-
of-life questionnaires were administered at Day 1, Week 26, 
Week 52, and Week 78. The primary efficacy endpoint was 
the percent change from baseline in lumbar spine (L1 to L4) 
BMD by DXA at Week 52. Secondary efficacy endpoints 
were as follows: percent change from baseline in BMD for 
lumbar spine, total hip, and femoral neck, as assessed by 
DXA, at Weeks 26, 52, and 78; incidences of new vertebral, 
nonvertebral, and hip fractures; and change from baseline in 
health-related quality of life (HRQoL) at Weeks 26, 52, and 
78. Efficacy analysis of new fractures included only vertebral 
fractures occurring from T4 to L4 and confirmed by the cen-
tral imaging vendor. A new vertebral fracture was defined as 
an increase of ≥ 1 grade in any vertebra from T4 to L4 that 
was normal at screening [23]. The nonvertebral fractures 
endpoint included fractures other than those of the vertebrae, 

excluding the skull, facial bones, mandible, metacarpals, 
and phalanges (fingers or toes) since they are not associated 
with decreased BMD, and excluded pathologic fractures and 
those associated with severe trauma acquired from a fall 
(from a height higher than a stool, chair, or first rung of a 
ladder) or otherwise [23, 24]. Only nonvertebral fractures 
confirmed by the central imaging vendor were included in 
the efficacy analysis. HRQoL was measured using the Oste-
oporosis Assessment Questionnaire-short version (OPAQ-
SV), EQ-5D-5L and EQ visual analog scale (EQ VAS). 

Samples were taken for PD analysis at multiple time 
points through Week 78. Serum carboxy-terminal cross-
linking telopeptide of type I collagen (s-CTX) and procol-
lagen type I N-terminal propeptide (PINP) concentrations 
were measured by Elecsys β-CrossLaps/serum assay and 
Elecsys total PINP assay, respectively, on a Cobas e602 
module (Roche Diagnostics GmbH, Mannheim, Germany). 
The primary PD endpoint was the area under the effect curve 
(AUEC) of s-CTX up to Week 26 predose. Secondary PD 
endpoints included AUEC of PINP up to Week 26 predose, 
and percent change from baseline in s-CTX and PINP at 
Weeks 26, 52, and 78. 

Blood samples were taken for PK analysis at multiple 
time points through Week 78. Serum denosumab concen-
tration and serum denosumab trough concentration  (Ctrough) 
were evaluated through Week 78. Other secondary PK end-
points were assessed up to Week 26, including maximum 
serum denosumab concentration  (Cmax) after first study drug 
administration, truncated area under the concentration–time 
curve from zero to Week 26 (AUC 0–τ), time of observed 
maximum serum denosumab concentration after first study 
drug administration  (Tmax), volume of distribution  (Vd), and 
terminal elimination half-life  (T1/2). PK and PD parameters 
were estimated using non-compartmental methods in Phoe-
nix WinNonlin version 8.3 (Pharsight, St. Louis, MO, USA).

Safety, assessed throughout the study, included monitor-
ing of adverse events, vital signs, and laboratory parameters. 
Treatment-emergent adverse events (TEAEs) of special 
interest were injection-site reaction, drug-related hypersen-
sitivity/allergic reaction, infection, hypocalcemia (defined 
as albumin-adjusted total serum calcium < 8.5  mg/dL 
[< 2.125 mmol/L]), ONJ, atypical femur fracture, and der-
matologic reaction. Radiography, performed on suspected 
fractures as required, was analyzed at a central imaging 
vendor. Pain was assessed by 100 mm VAS immediately 
after study drug administration at Weeks 0, 26, and 52. All 
patients received a daily supplement containing calcium (at 
least 1,000 mg) and vitamin D (at least 400 IU) from rand-
omization to the EOS visit.

Blood samples for immunogenicity analysis were taken 
at multiple time points. Samples were analyzed for antidrug 
antibodies (ADAs) using a Meso Scale Discovery – Electro-
chemiluminescence (MSD–ECL) assay, with a confirmatory 
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assay sensitivity of 4.69 ng/mL in human serum. Confirmed 
ADA-positive samples were further analyzed for neutraliz-
ing antibodies (NAbs) using MSD–ECL with a sensitivity 
of 79.5 ng/mL in human serum.

Statistical analyses

A sample size of 352 patients (176 per group) was deter-
mined to provide 90% statistical power to demonstrate 
equivalence between CT-P41 and US-denosumab in terms of 
percent change from baseline in lumbar spine BMD at Week 
52, based on a two one-sided 2.5% significance level and 
equivalence margin of − 1.503 to 1.503%. A common stand-
ard deviation (SD) of 3.89% and expected mean difference in 
percent change from baseline of zero were assumed. Allow-
ing for a hypothesized 20% dropout rate, approximately 440 
patients (220 per group) were to be randomized. 

For evaluating PD equivalence between CT-P41 and 
US-denosumab, in terms of the ratio of geometric means 
of AUEC for s-CTX up to Week 26 predose, a sample 
size of 396 patients (198 per group) was determined to 
provide ≥ 90% statistical power, based on a two one-
sided 2.5% significance level and equivalence margin of 
80 to 125%. The coefficient of variance was assumed to 
be 50% with an expected ratio of one. Accounting for a 
10% dropout rate, 440 patients (220 per group) were to be 
randomized. 

Statistical analysis of the primary efficacy endpoint used 
analysis of covariance (ANCOVA), with treatment as a fixed 
effect and age, baseline lumbar spine BMD T-score, and 
prior bisphosphonate therapy (yes/no) as covariates. Equiva-
lence was concluded if the 95% confidence interval (CI) for 
the between-group difference fell entirely within an equiva-
lence margin of − 1.503 to 1.503%.

The impact of missing data on primary efficacy results 
was evaluated under both missing-at-random and missing-
not-at-random scenarios. In the missing-at-random scenario, 
percent changes in BMD from baseline to Week 52 were 
imputed using a mean imputation method (the imputed value 
was the mean of the non-missing values). A tipping point 
analysis was performed to evaluate the impact of missing-
not-at-random scenarios. Imputed values for change from 
baseline in lumbar spine BMD at Week 52 were gradually 
shifted in each group until the 95% CI for the between-group 
difference was no longer within the equivalence margin 
of − 1.503 to 1.503%. 

Equivalence for the primary PD endpoint was assessed 
using ANCOVA, with treatment as a fixed effect and age, 
baseline lumbar spine BMD T-score, prior bisphospho-
nate therapy (yes/no), and baseline s-CTX level as covari-
ates. Equivalence was concluded if the 95% CI for the 
between-group geometric least squares (LS) mean ratio 
fell entirely within the 80 to 125% equivalence margin. 

The secondary endpoint AUEC of PINP was also analyzed 
by ANCOVA, but with baseline PINP (not s-CTX) level 
as a covariate.

Analysis sets are described in the Supplementary Meth-
ods. All statistical analyses were performed using Statisti-
cal Analysis System (SAS®) software version 9.4 (SAS 
Institute Inc., Cary, NC, USA).

Results

Patient disposition, characteristics 
and demographics

The first patient was randomized on June 17, 2021. The 
last visit took place on November 16, 2023. A total of 
1,238 patients were screened, with 479 randomized in TPI 
(240 to the CT-P41 group and 239 to the US-denosumab 
group; Fig. 1). Two patients not meeting eligibility criteria 
were randomized in error and terminated the study before 
study drug administration. Thus, 239 and 238 patients ini-
tiated treatment in the CT-P41 and US-denosumab groups, 
respectively. Eighteen (7.5%) and 37 (15.5%) patients in 
the CT-P41 and US-denosumab groups, respectively, dis-
continued study drug in TPI, most frequently owing to 
patient withdrawal. At Week 52, 422 patients continued 
into TPII, with 221 patients who received CT-P41 in TPI 
assigned to CT-P41 maintenance, and 201 patients who 
received US-denosumab in TPI re-randomized 1:1 to 
either US-denosumab maintenance (n = 100) or switched 
to CT-P41 (n = 101). One patient (0.5%) in the CT-P41 
maintenance group discontinued before dosing at Week 52, 
due to an ongoing adverse event. A total of 220 (99.5%), 
100 (100.0%), and 101 (100.0%) patients completed study 
treatment in TPII and 215 (97.3%), 97 (97.0%), and 98 
(97.0%) patients completed study participation in TPII in 
the CT-P41 maintenance, US-denosumab maintenance, 
and switched to CT-P41 groups, respectively.

Baseline demographics, disease characteristics, and 
stratification factors were well balanced between groups 
at first randomization. Groups were also well balanced at 
re-randomization (for TPII) with respect to the stratifica-
tion factor of change from baseline in lumbar spine BMD 
at Week 52 (Table 1).

Efficacy and HRQoL

The LS mean difference between treatment groups for the 
percent change from baseline in lumbar spine BMD at 
Week 52 was − 0.139 (95% CI − 0.826, 0.548) in the full 
analysis set (FAS) and − 0.280 (95% CI − 0.973, 0.414) 
in the per-protocol set (PPS) (Table 2). The 95% CIs for 
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these differences were fully contained within the prede-
fined equivalence margin, demonstrating equivalence of 
CT-P41 to US-denosumab. The number of patients with 
missing data for change in lumbar spine BMD at Week 
52 was 17 (7.1%) and 26 (10.9%) in the CT-P41 and US-
denosumab groups, respectively. Tipping point analysis 
suggested that findings were not impacted by missing data.

For secondary efficacy endpoints, mean ± SD percent 
changes from baseline in BMD for lumbar spine, total hip, 
and femoral neck increased during TPI, and were compa-
rable between groups at Weeks 26 and 52 (Fig. 2). In TPII, 
results were also comparable across groups for lumbar 
spine, total hip, and femoral neck BMD (Fig. 2).

In TPI, 1 (0.4%) patient each in the CT-P41 and US-
denosumab groups had new vertebral fractures (L2 and 
T8, respectively). Nonvertebral fractures were reported in 
2 (0.8%) patients in the CT-P41 group (carpus and distal 
radius in 1 patient and distal radius in 1 patient) and in 4 
(1.7%) patients in the US-denosumab group (1 distal fibula, 
1 proximal humerus, and 2 distal radius fractures). There 
were no hip fractures. In the CT-P41 maintenance group in 
TPII, 1 (0.5%) patient had a new vertebral fracture (L1) and 

2 (0.9%) patients had nonvertebral fractures (distal radius in 
1 patient, and distal ulna and radius in 1 patient). One (1.0%) 
patient in the switched to CT-P41 group had a nonvertebral 
fracture (rib).

Mean ± SD changes from baseline OPAQ-SV scores, 
EQ-5D-5L index values, and EQ VAS scores were small 
and generally similar between groups during TPI and across 
groups during TPII, including after switching from US-den-
osumab to CT-P41 (Supplementary Table 3).

Pharmacodynamics

Geometric LS mean ratio between treatment groups for the 
AUEC of s-CTX, up to Week 26 predose, was 94.94 (95% 
CI 90.75, 99.32; FAS) (Table 3). The 95% CI was fully con-
tained within the predefined equivalence margin, thus dem-
onstrating PD equivalence of CT-P41 to US-denosumab. 
Geometric LS mean AUEC of PINP up to Week 26 predose 
(a secondary PD endpoint) was 7663.9 in the CT-P41 group 
and 9119.8 in the US-denosumab group (Table 3). Median 
percent changes from baseline in s-CTX and PINP were 
comparable between groups during TPI and across groups 

Fig. 1  Patient disposition (ITT 
set and ITT set – TPII subset). 
aOne patient in each of the 
CT-P41 and US-denosumab 
groups who did not meet eligi-
bility criteria were mistakenly 
randomized by study center 
staff. The patients terminated 
their study participation before 
first study drug administration. 
bOne patient in the CT-P41 
maintenance group discontinued 
treatment at Week 52 owing to 
an ongoing adverse event; how-
ever, the patient continued to 
participate in the study (without 
study treatment) and completed 
TPII. ITT, intent-to-treat; TPII, 
Treatment Period II; US-deno-
sumab, US-licensed reference 
denosumab
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during TPII, including after switching from US-denosumab 
to CT-P41 (Fig. 3). Following study drug administration 
on Day 1, there was a rapid and large decrease in s-CTX 
levels at Day 3. This was maintained through Week 4, with 
a subsequent increase until Week 26. After study drug 

administration at Week 26, the median percent change from 
baseline in s-CTX decreased up to Week 39, then increased 
until study drug administration at Week 52, after which the 
pattern was repeated. For PINP, levels decreased from Week 
1 to Week 12, then remained largely stable.

Table 1  Baseline demographics, disease characteristics, and stratification factors (ITT set and ITT set – TPII subset)

a CT-P41, N = 239; US-denosumab, N = 238
b Mean (SD) duration of prior bisphosphonate therapy: CT-P41: 17.7 (10.1) months; US-denosumab: 15.8 (9.3) months
BMD, bone mineral density; ITT, intent-to-treat; SD, standard deviation; TP, treatment period; US-denosumab, US-licensed reference deno-
sumab

CT-P41
(N = 240)

US-denosumab
(N = 239)

Baseline patient demographics and disease characteristics
Age (years), median (range) 66.0 (50, 79) 66.0 (51, 79)
Ethnicity, n (%)

  Hispanic or Latino 0 3 (1.3)
  Non-Hispanic or Non-Latino 240 (100.0) 236 (98.7)

Race, n (%)
  White 240 (100.0) 239 (100.0)

Height (cm), median (range) 160.25 (140.0, 173.5) 159.20 (143.0, 178.0)
Weight (kg), median (range) 63.00 (43.0, 99.4) 64.00 (40.2, 99.9)
Body mass index (kg/m2), median (range) 24.35 (15.9, 40.6) 24.80 (16.5, 41.4)
Patients with ≥ 1 vertebral fracture at baseline, n (%) 59 (24.6) 50 (20.9)
Patients with ≥ 1 nonvertebral fracture, n (%) 75 (31.3) 93 (38.9)
BMD T-score at baseline, median (range)a

  Lumbar spine  − 3.010 (− 4.00, − 2.51)  − 2.990 (− 3.97, − 2.51)
  Total hip  − 1.710 (− 3.60, 0.10)  − 1.695 (− 3.49, 0.53)
  Femoral neck  − 2.010 (− 3.99, − 0.05)  − 2.015 (− 3.31, − 0.25)

Years since menopause, median (range) 16.0 (2, 39) 16.0 (2, 38)
Smoking history, n (%)

  Current smoker 46 (19.2) 40 (16.7)
  Former smoker 30 (12.5) 36 (15.1)
  Never smoker 164 (68.3) 163 (68.2)

Stratification factors (first randomization)
Age group, n (%)

  < 65 years 101 (42.1) 101 (42.3)
  ≥ 65 years 139 (57.9) 138 (57.7)

Baseline lumbar spine BMD T-score, n (%)
  ≤  − 3.0 120 (50.0) 120 (50.2)
  >  − 3.0 120 (50.0) 119 (49.8)

Prior bisphosphonate therapy, n (%)
  Yes 32 (13.3)b 28 (11.7)b

  No 208 (86.7) 211 (88.3)

CT-P41 maintenance
(N = 221)

US-denosumab maintenance
(N = 100)

Switched to CT-P41
(N = 101)

Stratification factor (second randomization)
Change from baseline in BMD for lumbar spine at Week 52, n (%)

  < 3.0% 62 (28.1) 27 (27.0) 26 (25.7)
  ≥ 3.0% 159 (71.9) 73 (73.0) 75 (74.3)
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Pharmacokinetics

Mean ± SD serum denosumab concentrations and  Ctrough 
were similar between groups during TPI and TPII, includ-
ing after switching to CT-P41 (Supplementary Fig. 2). PK 
parameters, including mean ± SD  Cmax, AUC 0–τ,  Tmax,  Vd, 
and  T1/2, were similar between groups over the first 26 weeks 
(Supplementary Table 4).

Safety

During TPI (Table 4), similar proportions of patients in each 
group experienced TEAEs (75.7% in the CT-P41 group and 
70.2% in the US-denosumab group). Treatment-emergent 
serious adverse events (TESAEs) were experienced by 7 
(2.9%) and 10 (4.2%) patients in the CT-P41 and US-den-
osumab groups, respectively. There was one death owing 
to a TEAE (coronary artery disease) in the CT-P41 group, 
not considered study drug-related by the investigator, as the 
patient had concomitant coronary artery disease. In TPII 
(Table 4), generally similar proportions of patients across 
groups experienced TEAEs (50.9%, 42.0%, and 56.4% in 
the CT-P41 maintenance, US-denosumab maintenance, 
and switched to CT-P41 groups, respectively). TESAEs 
were experienced by 8 (3.6%) and 3 (3.0%) patients in the 
CT-P41 maintenance and US-denosumab maintenance 
groups, respectively, and by no patients in the switched to 
CT-P41 group. There was one death owing to a TEAE of 
“genital neoplasm malignant female” in the CT-P41 main-
tenance group; this was considered unrelated to the study 
drug by the investigator.

The majority of TEAEs throughout the study were Grade 
1 or 2 in intensity (Table 4). In TPI, the most frequent TEAE 

reported in both groups was COVID-19 (28 [11.7%] patients 
in the CT-P41 group and 26 [10.9%] patients in the US-
denosumab group). In TPII, the most frequently reported 
TEAE across groups was upper respiratory tract infection 
(13 [5.9%] patients in the CT-P41 maintenance group, 4 
[4.0%] patients in the US-denosumab maintenance group, 
and 11 [10.9%] patients in the switched to CT-P41 group; 
Supplementary Table 5).

Immunogenicity

Proportions of patients with positive ADA results at each 
visit were similar among the groups in both TPI and TPII. 
In TPI, after first study drug administration, 233 (97.5%) 
and 234 (98.3%) patients in the CT-P41 and US-denosumab 
groups, respectively, had ≥ 1 positive ADA result (Supple-
mentary Table 6). In TPII, the proportion of patients with ≥ 1 
positive ADA result after first study drug administration was 
208 (94.5%), 92 (92.0%), and 93 (92.1%) in the CT-P41 
maintenance, US-denosumab maintenance, and switched to 
CT-P41 groups, respectively (Supplementary Table 6). Most 
ADA titer values were low, with no positive NAb results in 
either treatment period (Supplementary Table 7).

Discussion

This double-blind, randomized, active-controlled Phase 3 
study confirmed that CT-P41 has equivalent efficacy and 
PD, as assessed by changes in BMD and markers of bone 
turnover, to US-denosumab in women with postmenopau-
sal osteoporosis. The LS mean treatment difference for the 
primary efficacy endpoint, percent change from baseline 
in lumbar spine BMD at Week 52, was within the prede-
fined 95% CI equivalence margin (LS mean difference 
[95% CI]: − 0.139 [− 0.826, 0.548] in the FAS and − 0.280 
[− 0.973, 0.414] in the PPS. This finding was supported by 
sensitivity analysis. PD equivalence was demonstrated, per 
the primary PD endpoint of AUEC for s-CTX over the initial 
26 weeks (geometric LS mean ratio [95% CI]: 94.94 [90.75, 
99.32]). During TPI, a smaller proportion of patients in the 
CT-P41 than US-denosumab group discontinued treatment 
(7.5% and 15.5%, respectively). 

Primary efficacy findings were reinforced by those for 
secondary efficacy endpoints. Percentage increases in 
lumbar spine BMD from baseline were comparable for 
CT-P41 and US-denosumab at further time points (Weeks 
26 and 78) and in other skeletal regions (total hip and 
femoral neck), including when comparing patients who 
switched from US-denosumab to CT-P41 with those who 
maintained initial CT-P41 or US-denosumab treatment. 
The largest gains in BMD occurred in the lumbar spine, 
and the magnitude of changes observed at Week 52 (i.e. 

Table 2  Statistical analysis of percent change from baseline in lumbar 
spine BMD at Week 52 (FAS and PPS)

a Number of patients who had a BMD assessment result for lumbar 
spine by DXA at Week 52/number of patients in the FAS
b Number of patients who had a BMD assessment result for lumbar 
spine by DXA at Week 52/number of patients in the PPS
BMD, bone mineral density; CI, confidence interval; DXA, dual-
energy X-ray absorptiometry; FAS, full analysis set; LS, least squares; 
PPS, per-protocol set; SE, standard error; US-denosumab, US-
licensed reference denosumab

n/N LS mean ± SE LS mean difference
(95% CI)

FAS
CT-P41 222/239a 4.9317 ± 0.31508  − 0.139  

(− 0.826, 0.548)US-denosumab 212/238a 5.0706 ± 0.32714
PPS
CT-P41 215/215b 5.0330 ± 0.31640  − 0.280  

(− 0.973, 0.414)US-denosumab 202/202b 5.3125 ± 0.33505
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an approximately 5% increase in lumbar spine BMD) were 
similar to those at 1 year in the pivotal Phase 3 FREEDOM 
trial of reference denosumab [23]. Likewise, fracture rates 
were low in all groups throughout the current study, in 
line with low levels (≤ 2%) reported in the FREEDOM 
trial [23]. Small, comparable changes in HRQoL measures 
were observed in all groups and both treatment periods. 
This was true for measures of physical function, emotional 
status, and pain. 

Comparable results were obtained between treatment 
groups throughout both treatment periods for PD markers of 
bone turnover and osteoclast activity. Early and large changes 
observed in s-CTX levels were in line with those previously 
reported for reference denosumab [25]. This effect was also 

observed in the switched to CT-P41 group. Similarly, the 
observed decline in PINP levels is expected with denosumab 
[26] and was consistently observed across the CT-P41 and 
US-denosumab groups. Levels of s-CTX and PINP following 
dosing of CT-P41 or US-denosumab in the current trial were 
similar to those in the FREEDOM trial, in which median 
s-CTX levels decreased by around 80%, and median serum 
PINP levels decreased by around 70%, from 6 months [23].

In general, PK parameters were similar across treat-
ment groups during each treatment period, except for some 
observed differences for  Ctrough in TPII (i.e. following switch 
to CT-P41, or maintenance of CT-P41 or US-denosumab). 
This was due, at least in part, to one patient in the “switch” 
group with unusually high  Ctrough values. 

Fig. 2  Mean ± SD percent 
change from baseline in BMD 
for lumbar spine (a), total hip 
(b), and femoral neck (c) from 
baseline through Week 78 (FAS 
and FAS – TPII subset). BMD, 
bone mineral density; FAS, 
full analysis set; SD, standard 
deviation; TP, treatment period; 
US-denosumab, US-licensed 
reference denosumab
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CT-P41 was generally well tolerated, with a safety pro-
file similar to US-denosumab. Safety findings were in line 
with the known safety profile of reference denosumab [7, 
8]. The majority of TEAEs in all groups were Grade 1 or 2 
in severity. In the present study, overall infection rates were 
impacted by COVID-19. Some between-group differences 
in infection rates occurred, but were likely due to chance and 
not considered clinically meaningful. Cases of hypocalcemia 
were observed in this study, in line with reports from deno-
sumab clinical trials [7, 8], with comparable rates between 
the CT-P41 and US-denosumab arms.

Immunogenicity profiles were similar for CT-P41 and US-
denosumab. As results of immunogenicity analyses can be 
impacted by methodologic differences, comparisons across 
studies should be made with caution. In the present study, 
proportions of ADA-positive patients were similar between 
groups but higher than those previously reported for reference 
denosumab [7, 8]. However, no positive NAb results were seen 
and most ADA titers were low in ADA-positive patients.

Table 3  Statistical analysis of AUEC of s-CTX and PINP up to Week 
26 predose

a Number of patients who had results from an AUEC assessment of 
s-CTX at Week 26/number of patients in the FAS
b Number of patients who had results from an AUEC assessment of 
PINP at Week 26/number of patients in the PD set
AUEC, area under the effect curve; CI, confidence interval; FAS, full 
analysis set; LS, least squares; PD, pharmacodynamic; PINP, procol-
lagen type I N-terminal propeptide;  s-CTX, serum carboxy-terminal 
cross-linking telopeptide of type I collagen; US-denosumab, US-
licensed reference denosumab

n/N Geometric 
LS mean
(day*% inhibition)

Geometric LS mean 
ratio (95% CI)

s-CTX (FAS)
CT-P41 227/239a 13,835.4 94.94 (90.75, 99.32)
US-denosumab 221/238a 14,572.6
PINP (PD set)
CT-P41 227/237b 7,663.9 84.04 (73.23, 96.43)
US-denosumab 221/236b 9,119.8

Fig. 3  Median (Q1, Q3) percent 
change from baseline in serum 
concentrations of s-CTX (a) and 
PINP (b) during TPI (PD set) 
and TPII (PD set – TPII subset). 
Serum concentrations below the 
LLoQ were set to the LLoQ, 
and values above the ULoQ 
were set to the ULoQ. EOS, end 
of study; LLoQ, lower limit of 
quantification; PD, pharmaco-
dynamic; PINP, procollagen 
type I N-terminal propeptide; 
Q, quartile; s-CTX, serum 
carboxy-terminal cross-linking 
telopeptide of type I collagen; 
TP, treatment period; ULoQ, 
upper limit of quantification; 
US-denosumab, US-licensed 
reference denosumab
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Table 4  Summary of TEAEs during Treatment Period I (safety set) and Treatment Period II (safety set – TPII subset)

a TEAEs were Grade 1 or 2, with the following exceptions: 7 (2.9%) and 14 (5.9%) patients in the CT-P41 and US-denosumab groups, respec-
tively, experienced ≥ 1 Grade 3 TEAE, but each Grade 3 TEAE was reported in ≤ 1 patient; Grade 4 ischemic stroke was reported in 1 (0.4%) 
patient in the US-denosumab group; and Grade 5 coronary artery disease was reported in 1 (0.4%) patient in the CT-P41 group
b TEAEs were Grade 1 or 2, with the following exceptions: 4 (1.8%), 4 (4.0%), and 1 (1.0%) patients in the CT-P41 maintenance, US-denosumab 
maintenance, and switched to CT-P41 groups, respectively, experienced ≥ 1 Grade 3 TEAE, and each Grade 3 TEAE was reported in ≤ 1 patient, 
with the exception of blood creatine phosphokinase increased (1 [1.0%] patient each in the US-denosumab maintenance and switched to CT-P41 
groups); Grade 4 unstable angina and gastrointestinal perforation were each reported in 1 (0.5%) patient in the CT-P41 maintenance group; and 
there was 1 (0.5%) report of Grade 5 genital neoplasm malignant female in the CT-P41 maintenance group
c Considered by the investigator to be related to the study drug
ISR, injection-site reaction; ONJ, osteonecrosis of the jaw; TEAE, treatment-emergent adverse event; TESAE, treatment-emergent serious 
adverse event; TP, treatment period; US-denosumab, US-licensed reference denosumab

Treatment Period  Ia Treatment Period  IIb

CT-P41
(N = 239)

US- 
denosumab
(N = 238)

CT-P41 
maintenance
(N = 220)

US- 
denosumab 
maintenance
(N = 100)

Switched to 
CT-P41
(N = 101)

Number of TEAEs 585 541 217 90 108
Patients with ≥ 1 TEAE, n (%) 181 (75.7) 167 (70.2) 112 (50.9) 42 (42.0) 57 (56.4)

  Related to study  drugc 43 (18.0) 39 (16.4) 16 (7.3) 5 (5.0) 7 (6.9)
Number of TESAEs 8 13 9 5 0
Patients with ≥ 1 TESAE, n (%) 7 (2.9) 10 (4.2) 8 (3.6) 3 (3.0) 0

  Related to study  drugc 0 0 0 0 0
Number of TEAEs leading to study drug discontinuation 5 6 0 0 0
Patients with ≥ 1 TEAE leading to study drug discontinuation, n (%) 5 (2.1) 5 (2.1) 0 0 0

  Related to study  drugc 0 2 (0.8) 0 0 0
Number of TEAEs of ISR 5 3 3 0 1
Patients with ≥ 1 TEAE of ISR, n (%) 5 (2.1) 3 (1.3) 3 (1.4) 0 1 (1.0)

  Related to study  drugc 5 (2.1) 3 (1.3) 3 (1.4) 0 1 (1.0)
Number of TEAEs of drug-related hypersensitivity/allergic reaction 0 2 1 0 0
Patients with ≥ 1 TEAE of drug-related hypersensitivity/allergic  

reaction, n (%)
0 2 (0.8) 1 (0.5) 0 0

  Related to study  drugc 0 2 (0.8) 1 (0.5) 0 0
Number of TEAEs of infection 128 103 52 22 34
Patients with ≥ 1 TEAE of infection, n (%) 90 (37.7) 67 (28.2) 41 (18.6) 18 (18.0) 27 (26.7)

  Related to study  drugc 3 (1.3) 0 2 (0.9) 0 1 (1.0)
Number of TEAEs of hypocalcemia 6 8 5 0 0
Patients with ≥ 1 TEAE of hypocalcemia, n (%) 6 (2.5) 7 (2.9) 4 (1.8) 0 0

  Related to study  drugc 4 (1.7) 5 (2.1) 2 (0.9) 0 0
Number of TEAEs of ONJ 0 1 0 0 0
Patients with ≥ 1 TEAE of ONJ,  n (%) 0 1 (0.4) 0 0 0

  Related to study  drugc 0 1 (0.4) 0 0 0
Number of TEAEs of atypical femur fracture 0 0 0 0 0
Number of TEAEs of dermatologic reaction 16 12 0 2 2
Patients with ≥ 1 TEAE of dermatologic reaction, n (%) 13 (5.4) 10 (4.2) 0 2 (2.0) 2 (2.0)

  Related to study  drugc 1 (0.4) 1 (0.4) 0 0 0
Number of TEAEs leading to death 1 (0.4) 0 1 (0.5) 0 0
Patients with ≥ 1 TEAE leading to death, n (%) 1 (0.4) 0 1 (0.5) 0 0

  Related to study  drugc 0 0 0 0 0
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Strengths of this investigation include the multicenter, inter-
national, double-blind, randomized, active-controlled study 
design. A broad range of endpoints was assessed against well-
established treatment outcomes, comprising efficacy, PD, PK, 
safety, and immunogenicity. One limitation is that, due to the 
sensitive ADA assay used, most patients were ADA positive 
and it was therefore not possible to assess the impact of ADAs 
on efficacy, PK, and safety. Other limitations included dis-
ruption caused by ongoing conflict in Ukraine, causing some 
patients to miss or delay study center visits. A small num-
ber of patients also required delayed dosing due to contract-
ing COVID-19. Another limitation is the smaller number of 
patients in the US-denosumab maintenance and switch groups 
compared with the CT-P41 maintenance group in TPII.

Conclusion

In this Phase 3 study of postmenopausal women with osteopo-
rosis, CT-P41 was equivalent to US-denosumab with respect to 
primary measures of efficacy (Week 52) and PD effects (Week 
26). Comparable results were seen between groups for sec-
ondary efficacy and PD endpoints, and PK, safety, and immu-
nogenicity. Similarity was maintained between groups up to 
Week 78, following CT-P41 maintenance, US-denosumab 
maintenance, or switch from US-denosumab to CT-P41. This 
study affirms CT-P41 as a promising candidate biosimilar of 
denosumab.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00198- 024- 07161-x.
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