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Purpose: This study aimed to investigate the impacts of prior anti-osteoporosis treatments on bone mineral density (BMD) changes in
Chinese postmenopausal women with osteoporosis following 1-year Denosumab (Dmab) therapy.

Patients and Methods: This retrospective cohort study enrolled 381 postmenopausal women, all receiving a 1-year Dmab treatment.
Participants were stratified into five groups based on prior anti-osteoporosis treatments: no treatment (NT), alendronate (ALN),
zoledronic acid (ZOL), teriparatide (TPT), and raloxifene (RAL). Potential factors influencing BMD changes were screened using least
absolute shrinkage and selection operator (LASSO). The selected variables were then incorporated into a multivariate regression
model to identify independent risk factors. Finally, after adjusting for confounders, the impacts of prior anti-osteoporosis treatment on
sequential Dmab responses were evaluated.

Results: 1) Further BMD increases were observed after sequential 1-year Dmab with prior use of other anti-osteoporosis drugs; 2)
Compared to the NT group, ZOL significantly reduced BMD changes at the lumbar spine (LS), femoral neck (FN), and total hip (TH)
(LS: p=-0.01, P =0.016; FN: B = —0.01, P = 0.010; TH: p = —0.01, P = 0.011); Significant negative associations with FN BMD
changes were observed for the ALN group (B = —0.01, P< 0.001), and the RAL group (B = —0.01, P = 0.010) compared to the NT
group; TPT showed no significant differences with the NT group at all sites; 3) Multiple analysis revealed baseline BMD were
independently associated with changes in BMD (LS: § = —0.04, P = 0.009; FN: § = —0.19, P <0.001; TH: p = —0.14, P <0.001).
Conclusion: These findings indicated that prior anti-osteoporosis treatments differentially influenced BMD responses to 1-year Dmab
therapy. While patients who had previously been treated with ZOL had limited subsequent BMD improvement, patients who had
previously used TPT and had lower baseline BMD benefited more.

Keywords: denosumab, alendronate, zoledronic acid, teriparatide, raloxifene, sequential treatment, bone mineral density,
postmenopausal osteoporosis

Introduction

Osteoporosis is characterized by progressive decline of bone mass and bone quality, leading to increased bone fragility
and risk of fracture. It is a significant public health issue worldwide due to its high prevalence and the serious
consequences of fractures. The overall prevalence of osteoporosis in older men and women in the world was reported
to be 12.5% and 35.3%, respectively. Also, the highest prevalence of osteoporosis in the elders was reported in Asia with
24.3%." Tt is estimated an osteoporotic fracture occurs every three seconds worldwide.? Osteoporosis and osteoporotic

fractures can lead to decreased quality of life, hospitalization, disability and increased mortality.> Moreover, osteoporosis
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can impose a high medical cost on the global economy.* Thus, management of osteoporosis is necessary to improve
quality of life and reduce economic burden on the health care system.

Fortunately, researches have demonstrated that pharmaceutical interventions for osteoporosis can effectively help
improve bone density and reduce the risk of fractures.” Osteoporosis stems from an imbalance in the bone remodeling
process, where bone resorption by osteoclasts exceeds bone formation by osteoblasts. Thus, anti-osteoporosis drugs are
classified by mechanism as anti-resorptive drugs and anabolic drugs. Anti-resorptive drugs include bisphosphonates
(BPs), selective estrogen receptor modulators (SERMs), Denosumab (Dmab), and so on. BPs have a strong affinity for
hydroxyapatite, the main mineral component of bone. They bind to the bone surface, particularly in areas of active bone
resorption. When osteoclasts encounter bisphosphonate-bound bone, they internalize the bisphosphonate.
Bisphosphonates like alendronate (ALN) and zoledronic (ZOL) can inhibit farnesyl diphosphate synthase in osteoclasts,
which prevent the synthesis of isoprenoid compounds needed for osteoclast function.® SERMs, exemplified by raloxifene
(RAL), bind to estrogen receptors (ERs) in various tissues. Depending on the tissue, they can act as either agonists or
antagonists. In bone tissue, they act as agonists, inhibiting bone resorption, helping to maintain bone density and prevent
osteoporosis.” Dmab is a fully humanised monoclonal antibody against Receptor Activator of Nuclear factor Kappa
B Ligand (RANKL), a major regulator of osteoclast development and activity.® Anabolic drugs include teriparatide
(TPT) and abaloparatide. TPT is recombinant human parathyroid hormone 1-34. When administered intermittently, TPT
has anabolic skeletal effects which are most marked in trabecular bone.” All these medications can increase bone density
and lower the risk of fractures, according to numerous studies.”'®'* However, it is important to note that the majority of
clinical trials are carried out on treatment-naive patients or on patients who have gone through a drug washout period.
Nevertheless, the clinical scenario in the real world is far more complicated.

Osteoporosis is a chronic condition that needs long-term treatment, thus sequential therapy is highly popular and
recommended by many guidelines.'>'® Dmab, the first monoclonal drug to be marketed for the treatment of osteo-
porosis, has been widely used in the clinic for the last decades. It has been shown to increase BMD and reduce the
incidence of vertebral, non-vertebral and hip fractures in postmenopausal women with osteoporosis and safety and
efficacy are maintained over 10 years of treatment in the Phase 3 randomised FREEDOM trial and open-label
extension.'” In addition, subcutaneous Dmab given twice yearly would ensure adherence for 6 months after each dose,
which is critical in the treatment of chronic disorders. But all the subjects in the FREEDOM trial were treatment-naive.
However, In the real world, Dmab is not only for patients who have never been treated previously. For reasons of
effectiveness, safety, convenience, and cost, many patients who have previously used TPT, BPs, or SERMs frequently
consider switching to Dmab. There is a gap between clinical trials and clinical practice. Thus, a concern for clinicians is
whether the sequential use of Dmab in patients who have been treated with other anti-osteoporosis medications would
gain the same benefits as in treatment-naive patients. The majority of studies on sequential Dmab therapy have focused
on compared the difference in efficacy between sequential Dmab after the use of a prior anti-osteoporosis drug and
continuous prior drugs (eg, BPs or PTH), and there have been no analyses comparing the impacts of prior anti-
osteoporosis drugs with different mechanisms including ALN, ZOL, RAL, and TPT on the efficacy of sequential
Dmab in one study at the same time.2* > Thus, the study aims to use real-world data to analyze the impacts of prior anti-
osteoporosis treatments including ALN, ZOL, RAL, and TPT on sequential 1-year Dmab responses in BMD changes
among postmenopausal osteoporosis women in east China.

Materials and Methods
Study Design and Participants

This study adopted a retrospective design primarily to efficiently analyze the prior treatment’s efficacy on following
1-year Dmab therapy among Chinese PMOP patients, while avoiding the ethical concerns associated with randomized
controlled trials (RCTs) and the time and resource constraints of prospective studies, thereby better reflecting treatment
outcomes in clinical practice. Thus, the data for this retrospective observational cohort study were sourced from the
outpatient department of Huadong Hospital in Shanghai, targeting postmenopausal women residing in eastern China.
A total of 381 patients were enrolled in this study from July 2021 to June 2024 (Figure 1). The inclusion criteria are as
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PMOP patients treated with Dmab for 12 months

were referred to Huadong Hospital, affiliated to

Fudan University from July 2021 to June 2024
(n=1753)

1372 Ptients were excluded

« Age<50 years old (n=123)

« Absence of bone mineral density data (n=170)

« Lack of bone turnover marker information (n=212)

« Incomplete history of prior POMP medication usage (n=204)
« Dmab treatment less than 12 months (n=133)

« Secondary osteoporosis (n=345)

« Treated by glucocorticoid (n=185)

A 4

381 Patients were included

~

NT ALN ZoL TPT RAL
(n=169) (n=89) (n=39) (n=42) (n=42)

Figure | Study selection flow diagram. Data were sourced from Huadong Hospital affiliated to Fudan University. A total of 381 patients were enrolled in this study from
July 2021 to June 2024.

Abbreviations: PMOP, postmenopausal osteoporosis; Dmab, denosumab; NT, non-treatment; ALN, alendronate sodium; ZOL, zoledronic acid; TPT, teriparatide; RAL,
raloxifene.

follows: a) Age > 50 years; b) Patients with a definitive diagnosis of postmenopausal osteoporosis according to clinical
consensus;> ¢) Patients who had previously used at least 12 months of antiresorptive drugs (ALN, ZOL, RAL), at least 6
months of TPT, or who had never received therapy. They had subsequently used Dmab treatment every 6 months for at
least 12 months; d) Adherence: >80% for prior treatments and 100% for Dmab treatment. Patients were excluded if they
were male; they had secondary osteoporosis; they had an incomplete prior medication history; they had missing data on
bone mineral density and bone metabolism markers both at baseline and after 12 months of Dmab treatment; they
suffered from chronic metabolic disorders or malignancies, including but not restricted to hyperthyroidism, significantly
impaired renal function (creatinine clearance < 35 mL/min as estimated by the Cockcroft and Gault method), multiple
myeloma, and leukemia; they had idiopathic bone diseases; they were currently receiving medications known to
potentially impact bone or soft tissue metabolism, including but not limited to glucocorticoids, heparin, warfarin, and
thyroxine. This study was conducted in accordance with the principles outlined in the Declaration of Helsinki and was
approved by the Biomedical Research Ethics Committee of Huadong Hospital Affiliated to Fudan University
(No. 2024K181). Informed consent from patients was waived due to the anonymity and confidential analysis of results.

Basic Information Collection and Anthropometric Measurements

This study collected patients’ basic information, encompassing age (years), height (cm), weight (kg), body mass index
(BMI), history of fractures, as well as details of prior medications, including medication names and durations. Height was
accurately determined to the nearest 0.01 m using a stadiometer, while body weight was precisely measured to the nearest
0.01 kg with a standard balance beam scale. Subsequently, BMI was calculated by dividing the body weight by the square
of the height, expressed in kg/m?.
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Laboratory Measurements

Blood samples were collected in the morning following a 10-hour overnight fast and promptly stored at —80°C
immediately for subsequent analysis. Key serum biomarkers indicative of bone and renal function were assayed,
encompassing GFR (glomerular filtration rate, mL/min), Scr (serum creatinine, umol/L), Ca (serum calcium, mmol/L),
UA (uric acid, umol/L), P (serum inorganic phosphorus, mmol/L), AKP (alkaline phosphatase, U/L), PINP (propeptide
of type I procollagen, ng/mL), PTH (parathyroid hormone, pg/mL), 25-OH-D (25-hydroxy-vitamin D, ng/mL), OCN
(osteocalcin, ng/mL), and CTX (C-telopeptide collagen crosslinks, pg/mL). All biomarkers were measured twice in two
tubes with the final results averaged. Utilizing the electrochemical luminescence method (Roche Diagnostics, Boston,
MA, USA), PINP, CTX, and 25-OH-D were precisely quantified, with intra-assay and inter-assay CVs (coefficients of
variance) maintained below 3.5% and 8.4% for CTX, 2.6% and 4.1% for PINP, and 7.8% and 10.7% for 25-OH-D,
respectively, ensuring the reliability and reproducibility of the measurements.

Measurement of Bone Mineral Density and the Definition of Osteoporosis

In this study, bone mineral density (BMD) assessments of the lumbar spine (L2-4 vertebrae) and left total hip were
conducted using a dual-energy X-ray absorptiometry (DXA) device, specifically the Hologic Delphi A model manufac-
tured by Hologic Inc. (Methuen, MA, USA). Our laboratory achieved precision errors of 0.8% for lumbar spine
measurements, 1.05% for the femoral neck, and 0.97% for the total hip. Prior to each measurement, the DXA machine
was standardized utilizing a standard phantom to ensure consistency and accuracy in the obtained data.

To assure the accuracy of the measurements, all BMD measurements in this investigation were performed by two
technicians, and all BMD for the same patient were performed by the same technician throughout the trial. Both
technicians were certified by International Society for Clinical Densitometry (ISCD).The intraclass correlation coefficient
(ICC) values demonstrated excellent agreement between the two technicians for measurements at the FN (0.991), TH
(0.992), and LS (0.995) in Supplementary Table 1. According to the World Health Organization (WHO) definition,”’
osteoporosis was defined as T-score of BMD < —2.5 for either site of vertebral, femur neck or total hip, or having

experienced a low-trauma hip or vertebral fracture, or having osteopenia by BMD who sustain a low-trauma proximal
humerus, pelvis, or distal forearm fracture. BMD were performed at the time of switching from the preceding treatment
to Dmab and after 12 months of consecutive Dmab.

Statistical Analysis

In this study, continuous variables were presented as means (standard deviations) or medians (interquartile ranges), while
categorical variables were expressed through frequencies (proportions). To compare differences among groups for
continuous variables, we employed Analysis of Variance (ANOVA) for normally distributed data or the Kruskal—-
Wallis test for non-parametric data. For categorical variable comparisons, the y2-test was applied. Potential factors
influencing BMD changes following 1-year Dmab treatment were screened using least absolute shrinkage and selection
operator (LASSO) with 10-fold cross-validation. The selected variables were then incorporated into a multivariate
regression model to identify independent risk factors. Three models were established to evaluate the impact of prior anti-
osteoporosis treatment on BMD changes following 1-year Dmab therapy. Model 1 was unadjusted for any variables,
Model 2 was adjusted for age, BMI, and fracture history, and Model 3 was adjusted for independent risk factors. All
statistical tests were conducted as two-tailed, with a P value of less than 0.05 considered statistically significant. Finally,
all statistical analyses were performed using R software (version 4.3.2). Key packages, including stats, glmnet, and rms,
were employed for analysis.

Results
Patient Characteristics
This study enrolled 381 postmenopausal female patients with osteoporosis, all of whom completed a 1-year treatment with

denosumab. Patients were stratified into five groups based on their prior anti-osteoporotic medication usage: the no-treatment
group (NT, n=169), the alendronate group (ALN, n=89, duration year: 3.3 £2.1), the zoledronic acid group (ZOL, n=39,
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duration year: 2.7+1.2), the teriparatide group (TPT, n=42, duration year: 0.9 +0.3), and the raloxifene group (RAL, n=42,
duration year: 2.4 +1.2). The detailed baseline demographic characteristics and clinical indicators of patients in each group
were presented in Table 1. No significant differences (P>0.05) were observed baseline serum PTH levels among the five
groups. However, statistically significant differences (P<0.05) were found among the groups in age, baseline BMI, fracture
history, PINP, 25-OH-D, CTX, OCN, and the baseline BMD at the LS, FN, and TH. Among all patients, the previous fracture
rate was 34.38%, and the thoracolumbar spine was the most common site of previous fractures, accounting for 24.15%.

LASSO Regression and Multivariate Analysis of Factors Influencing BMD Changes
After 1-year sequential Dmab, LS BMD increased in all groups (0.022-0.060g/cm?, all P<0.001), whereas FN and TH
BMD increased only in the NO, ALN, and TPT groups (FN: 0.010-0.025g/cm?, all P<0.01; TH:0.009-0.015g/cm?, all
P<0.05). However, increases in BMD were also observed in the ZOL group and the RAL group, but they were not
statistically significant (Table 2).

Among the 11 correlated variables from the baseline characteristics analyzed, LASSO regression identified 9 baseline
factors significantly associated with LS BMD changes: age, fracture history, serum PINP levels, serum PTH levels,
serum 25-OH-D levels, serum CTX levels, serum OCN levels, LS BMD, and TH BMD (Figure 2). Furthermore, the
analysis revealed 10 factors demonstrating non-zero coefficients for FN and TH BMD changes: age, BMI, fracture
history, serum PINP levels, serum PTH levels, serum 25-OH-D levels, serum OCN levels, LS BMD, FN BMD, and TH
BMD (Figures 3 and 4).

Table | Baseline Characteristics of the Study Patients

Variable NT (N:169) ALN (N:89) ZOL (N:39) TPT (N:42) RAL (N:42) P-value
Age (years) 70.37 + 8.44 71.82 +7.69 70.85 £ 7.02 76.19 + 832 69.10 + 7.06 <0.001
BMI 22.16 £ 3.12 22.36 + 3.39 21.44 + 3.02 23.77 £ 4.63 22.44 + 337 0.032
Fracture History <0.001
Non-Fracture 108 (63.91%) 69 (77.53%) 25 (64.10%) Il (26.19%) 37 (88.10%)

Femur 2 (1.18%) I (1.12%) 3 (7.69%) | (2.38%) | (2.38%)
Thoracolumbar Spine 37 (21.89%) 14 (15.73%) 8 (20.51%) 30 (71.43%) 3 (7.14%)

Radius 20 (11.83%) 4 (4.49%) 3 (7.69%) 0 (0.00%) | (2.38%)

Humerus 2 (1.18%) I (1.12%) 0 (0.00%) 0 (0.00%) 0 (0.00%)

Bone Turnover Marker

PINP (ng/mL) 46.52 + 22.49 28.07 £ 13.68 24.75 £ 9.65 84.21 £79.97 3381 + 14.64 <0.001
PTH (pg/mL) 43.27 £ 17.50 45.53 £ 20.63 41.03 + 14.84 38.18 £ 20.93 41.55 + 12.02 0.238
25-OH-D (ng/mL) 27.06 £ 9.83 3497 £ 11.40 36.88 + 12.52 29.07 £ 10.50 35.21 £9.23 <0.001
CTX (pg/mL) 464.56 + 260.13 | 249.40 £ 176.21 | 214.21 £ 103.45 | 602.17 £ 574.75 | 346.44 £+ 205.09 | <0.001
OCN (ng/mL) 19.32 + 855 13.83 + 5.87 11.57 + 3.6l 30.23 + 24.11 15.56 * 6.15 <0.001
Bone Mineral Density

LS (g/cm?) 0.71 £ 0.11 0.76 £ 0.14 0.75 £ 0.15 071 £0.13 0.74 £ 0.12 0.010
FN (g/cm?) 0.52 + 0.08 0.53 £ 0.07 0.55 + 0.08 0.48 + 0.08 0.56 + 0.07 <0.001
TH (g/cm?) 0.64 £ 0.10 0.66 + 0.09 0.65 + 0.09 0.60 £ 0.10 0.66 + 0.08 0.012

Abbreviations: NT, non-treatment; ALN, alendronate sodium; ZOL, zoledronic acid; TPT, teriparatide; RAL, raloxifene; BMI, body mass index; PINP,
propeptide of type | procollagen; PTH, parathyroid hormone; 25-OH-D, 25-hydroxy-vitamin D; CTX, C-telopeptide collagen crosslinks; OCN, osteocalcin;
FN, femoral neck; TH, total hip; LS, lumbar spine.
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Table 2 Changes in BMD Following |-year Dmab in Five Groups

Variables NO ALN ZOoL TPT RAL

ALS BMD (g/cm?) 0.035+0.033*%* | 0.023+0.028+* | 0.022+0.033*** | 0.060£0.055%** | 0.027£0.037***
AFN BMD (g/cm?) | 0.025+0.033*** | 0.010£0.026*** | 0.005+0.021 0.021+0.041** | 0.011+0.038
AHip BMD (g/cm?) | 0.015£0.030%** | 0.009+0.022*** | 0.003+0.018 0.010+0.036* 0.008+0.027

Notes: **: P<0.001; **: P<0.01; *: P<0.05; ABMD = Post-treatment BMD (| year) — Baseline BMD (Dmab).
Abbreviations: BMD, bone mineral density; Dmab, denosumab; NO, non-medication; ALN, alendronate sodium; ZOL, zoledronic
acid; TPT, teriparatide; RAL, raloxifene; FN, femoral neck; TH, total hip; LS, lumbar spine.

Additionally, multivariate analysis revealed three distinct sets of independent associations (Table 3): (1) femoral
fracture history, serum 25-OH-D levels, and both baseline LS and TH BMD values were significantly associated with LS
BMD changes; (2) age, humeral fracture history, and both baseline FN and TH BMD values were independently
associated with FN BMD changes; and (3) age, BMI, and baseline FN and TH BMD values showed independent
associations with TH BMD changes.

Impact of Prior Treatment on BMD Changes Following |-year Dmab Therapy
As presented in Table 4, in the unadjusted Model 1, only the ZOL group demonstrated a significant negative association with
LS BMD changes compared to the NT group (B = —0.01, 95% CI: —0.02 to —0.00, P = 0.014). This negative association
persisted in Model 2 after adjusting for age, fracture history, and BMI (B = —0.01, 95% CI: —0.02 to —0.00, P = 0.019). In
addition, in Model 3 after adjusting for independent risk factors, including fracture history, serum 25-OH-D levels, baseline
TH BMD, and baseline LS BMD, this negative associations also remained ( = —0.01, 95% CI: —0.02 to —0.00, P = 0.016).
As shown in Table 5, significant negative associations with FN BMD changes were observed for the ALN
group (B = —0.01, 95% CI: —-0.02 to —0.01, P< 0.001), the ZOL group (B = —0.02, 95% CI: —0.03 to —0.01,
P <0.001), and the RAL group (B = —0.01, 95% CI: —0.03 to —0.00, P = 0.010) compared to the NT group. These
associations remained significant in Model 2 after adjusting for age, fracture history, and BMI (ALN: B = —0.01,
95% CI: —0.02 to —0.01, P < 0.001; ZOL: B = —0.02, 95% CI: —0.03 to —0.01, P = 0.002; RAL: B = —0.02, 95%
CI: —0.03 to —0.00, P = 0.006). Additionally, after adjusting for independent risk factors in Model 3 also
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maintained these negative associations (ALN: B = —0.01, 95% CI: —0.02 to —0.01, P = 0.002; ZOL: § = —0.01,
95% CI: —0.03 to —0.00, P = 0.010; RAL: B = -0.01, 95% CI: —0.02 to —0.00, P = 0.045), including age, fracture
history, baseline FN BMD, and baseline TH BMD.

As displayed in Table 6, in the unadjusted Model 1, only the ZOL group showed a significant negative association
with TH BMD changes compared to the NT group (B = —0.01, 95% CI: —0.02 to —0.00, P = 0.014). This negative
association persisted in Model 2 after adjustment for age, fracture history, and BMI (f = —0.01, 95% CI: —0.02 to —0.00,
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Table 3 Multivariate Analysis of BMD Changes at the LS, FN, and TH

Variables Multivariate Analysis
LS FN TH

B (95% CI) P B (95% CI) P B (95% CI) P
Age (years) 0.00 (—0.00, 0.00) 0.088 | —0.00 (—0.00, —0.00) | 0.004 —0.00 (—0.00, —0.00) | 0.021
Fracture History
Non-Fracture Ref Ref Ref
Femur —0.03 (—0.05, —0.00) | 0.044 | —0.01 (-0.03, 0.01) 0.485 —0.00 (—0.02, 0.02) 0.770
Thoracolumbar Spine | 0.00 (—0.00, 0.01) 0.275 | —0.00 (-0.01, 0.01) 0.958 0.00 (-0.01, 0.01) 0.990
Radius 0.00 (-0.01, 0.02) 0.656 | 0.00 (—0.01, 0.01) 0.785 —0.00 (—0.01, 0.01) 0.808
Humerus —0.01 (—0.05, 0.03) 0.753 | 0.04 (0.00, 0.08) 0.031 0.01 (-0.02, 0.04) 0.547
PINP (ng/mL) 0.00 (—0.00, 0.00) 0.086 | 0.00 (—0.00, 0.00) 0.936 0.00 (—0.00, 0.00) 0.345
PTH (pg/mL) —0.00 (—0.00, 0.00) 0.261 | 0.00 (—0.00, 0.00) 0.796 0.00 (—0.00, 0.00) 0.164
25-OH-D (ng/mL) —0.00 (—0.00, —0.00) | 0.037 | —0.00 (—0.00, 0.00) 0.808 —0.00 (—0.00, 0.00) 0.831
OCN (ng/mL) 0.00 (—0.00, 0.00) 0.321 | 0.00 (—0.00, 0.00) 0.219 0.00 (—0.00, 0.00) 0.974
CTX (pg/mL) 0.00 (—0.00, 0.00) 0.756 | NA NA NA NA
BMI NA NA 0.00 (—0.00, 0.00) 0.602 0.00 (0.00, 0.00) 0.013
LS (g/cm?) —0.04 (—0.07, —0.01) | 0.009 | —0.01 (—0.04, 0.02) 0.477 0.02 (-0.00, 0.05) 0.078
FN (g/cm?) NA NA —0.19 (-0.27, —0.12) | <0.001 | 0.06 (0.00, 0.12) 0.049
TH (g/lem?) 0.04 (0.00, 0.08) 0.041 | 0.13 (0.06, 0.19) <0.001 | —0.14 (-0.20, —0.09) | <0.001

Abbreviations: PINP, propeptide of type | procollagen; PTH, parathyroid hormone; 25-OH-D, 25-hydroxy-vitamin D; OCN, osteocalcin; CTX,
C-telopeptide collagen crosslinks; BMI, body mass index; LS, lumbar spine; FN, femoral neck; TH, total hip; BMD, bone mineral density; 95% ClI,
95% confidence interval; NA, Not Applicable (not entered into the analysis after screening by LASSO regression).

Table 4 Impact of Prior Treatment on BMD Changes with |-year Dmab Therapy at the LS

Prior treatment

Model |
B (95% CI) P

Model 2
B (95% Cl) P

Model 3
B (95% Cl) P

NT
ALN
Z0L
TPT
RAL

Ref

~0.01 (-0.01, 0.00) 0.084
~0.01 (~0.02, —0.00) 0.014
~0.00 (-0.01, 0.00) 0.322
~0.01 (-0.02, 0.00) 0.137

Ref

—0.01 (-0.01, 0.00) 0.098
—-0.01 (-0.02, —0.00) 0.019
—0.01 (-0.02, 0.00) 0.202
—0.01 (-0.02, 0.00) 0.151

Ref

~0.01 (-0.01, 0.00) 0.101
~0.01 (~0.02, —0.00) 0.016
~0.01 (~0.02, 0.00) 0.052
~0.01 (~0.02, 0.00) 0.258

Notes: Model I: Unadjusted; Model 2: Adjusted for age, BMI, fracture history; Model 3: Adjusted for fracture history, 25-OH-D,

TH BMD, LS BMD.

Abbreviations: NT, non-treatment; ALN, alendronate sodium; ZOL, zoledronic acid; TPT, teriparatide; RAL, raloxifene; BMD,
bone mineral density; TH, total hip; LS, lumbar spine; 95% Cl, 95% confidence interval.

Table 5 Impact of Prior Treatment on BMD Changes with |-year Dmab Therapy at the FN

Prior treatment

Model |
B (95% CI) P

Model 2
B (95% CI) P

Model 3
B (95% Cl) P

NT
ALN
ZO0L
TPT
RAL

Ref

-0.01
-0.02
-0.00
-0.01

—0.02, —0.01) <0.001
—0.03, —0.01) <0.001
—0.01, 0.01) 0.470

—0.03, —0.00) 0.010

—~ e~~~

Ref

—-0.01 (-0.02, —0.01) <0.001
—0.02 (—0.03, —0.01) 0.002
—0.00 (—0.01, 0.01) 0.984
—0.02 (—0.03, —0.00) 0.006

Ref

—-0.01 (-0.02, —0.01) 0.002
—-0.01 (-0.03, —0.00) 0.010
—0.00 (-0.01, 0.01) 0.770
—0.01 (-0.02, —0.00) 0.045

Notes: Model I: Unadjusted; Model 2: Adjusted for age, BMI, fracture history; Model 3: Adjusted for age, fracture history, FN BMD,

TH BMD.

Abbreviations: NT, non-treatment; ALN, alendronate sodium; ZOL, zoledronic acid; TPT, teriparatide; RAL, raloxifene; BMD, bone
mineral density; FN, femoral neck; TH, total hip; 95% CI, 95% confidence interval.
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Table 6 Impact of Prior Treatment on BMD Changes with |-year Dmab Therapy at the TH

Prior treatment

Model |
B (95% Cl) P

Model 2
B (95% Cl) P

Model 3
B (95% Cl) P

NT Ref Ref Ref

ALN —0.01 (—0.01, 0.00) 0.084 —0.01 (—0.01, 0.00) 0.098 —0.01 (—0.01, 0.00) 0.132
Z0L —0.01 (—0.02, —0.00) 0.014 | —0.01 (—0.02, —0.00) 0.019 | —0.01 (—0.02, —0.00) 0.011
TPT —0.00 (—0.01, 0.00) 0.322 —0.01 (—0.02, 0.00) 0.202 —0.01 (—0.02, 0.00) 0.056
RAL —0.01 (-0.02, 0.00) 0.137 —0.01 (—0.02, 0.00) 0.151 —0.01 (—0.02, 0.00) 0.107

Notes: Model |: Unadjusted; Model 2: Adjusted for age, BMI, fracture history; Model 3: Adjusted for age, BMI, FN BMD, TH
BMD.

Abbreviations: NT, non-treatment; ALN, alendronate sodium; ZOL, zoledronic acid; TPT, teriparatide; RAL, raloxifene; BMD,
bone mineral density; FN, femoral neck; TH, total hip; 95% Cl, 95% confidence interval.

P = 0.019). Furthermore, the association remained significant in Model 3 after adjusting for independent risk factors,
including age, BMI, baseline FN BMD, and baseline TH BMD (§ = —0.01, 95% CI: —0.02 to —0.00, P = 0.011).

Changes in Bone Turnover Marker After |-year Dmab Therapy

The results of this study indicated that, compared to baseline, serum PINP, CTX, and OCN levels significantly decreased
in all five treatment groups. In terms of serum PTH, only the RAL group showed an increase (Before: 41.56+£12.02pg/
mL, After: 46.85+£13.55pg/mL, P=0.030), while the other four groups did not exhibit significant changes from baseline
(Supplementary Table 2).

Discussion

In this study, we used real-world data to compare the impacts of different prior anti-osteoporosis treatments on the
efficacy of sequential Dmab among the postmenopausal osteoporosis. Our findings indicated that that increases in BMD
were still observed after the use of anti-osteoporosis drugs followed by 1-year sequential Dmab; however, the choice of
different prior medications had a variable impact on the effectiveness of sequential Dmab. TPT had the least impact on
subsequent Dmab efficacy, and its increase in BMD was comparable to that of the NT group. ZOL, on the contrary, had
the greatest impact on subsequent Dmab efficacy and resulted in a less increase in BMD. Furthermore, among three
BMD sites, prior treatment had the greatest impact on changes in BMD at FN, with ALN, ZOL, and RAL leading in
a significantly smaller improvement in FN BMD than the NT group after sequential 1-year Dmab. In addition, the lower
the BMD at the moment of conversion to Dmab, the greater the following BMD improvement.

Osteoporosis is a chronic disease that requires long-term or even lifelong treatment. Sequential therapy is often
required during long-term treatment to maintain or increase efficacy, reduce adverse effects, and promote patient
compliance. Currently, exploratory investigations on the sequential treatment of osteoporosis medications have focused
on RCTs.???*2° While RCTs remain the gold standard for assessing efficacy, they do not replicate real-world settings.
There is a gap between clinical trials and clinical practice. In RCTs about drug sequencing, subjects are often randomised
into groups, given a different initial study drug, then sequenced to a second study drug after a certain period of time,
followed by a comparison of efficacy between the groups. The problem, however, is that in the real world, the
administration of the initial drug is not randomised. Patients are often stratified clinically based on risk factors to select
an initial treatment drug, and thereafter some patients are considered for switching to another drug because of efficacy,
safety, economic factors, or convenience.'> And this is the real clinic settings what clinicians encounter more often.
Whereas theoretically possible, it is unlikely that an RCT will ever be conducted for this question.

While data from real-world studies are closer to clinical reality, the challenge is that the subjects receiving anti-
osteoporosis therapy are heterogeneous. Medication is selected based on the severity of the patient’s disease. Those who
have “high fracture risk” (for example, postmenopausal women with no prior fractures and moderately low T-scores) can be
started on oral agents such as ALN or RAL. Injectable agents such as TPT, ZOL or Dmab can be considered as initial therapy
for those who are at very high fracture risk (for example, older women who have had multiple vertebral fractures or hip
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fractures, or who have very low T-scores)."> In order to assess the impact of these different anti-osteoporosis drugs on the
efficacy of sequential Dmab, a key point is to balance the various confounding factors among treatment groups. In this study,
several rigorous methods were applied to reduce bias and confounding in data analysis. First, we used LASSO binary logistic
regression model to select for potential variables influencing BMD changes (Figures 2—4). All the variables were from
baseline characteristics. Second, the selected variables were then incorporated into a multivariate regression model to identify
independent risk factors (Table 3). Finally, three models adjusted for confounders were constructed to assess the impact of
prior anti-osteoporosis treatment on BMD changes after sequential Dmab (Tables 4-6).

With the above statistical processing, after adjusting for numerous confounding factors, the results of our study
demonstrated that the use of anti-osteoporosis medications with different mechanisms had different impacts on later
treatment with Dmab. Bone remodeling is a continuous process involving bone resorption by osteoclasts and bone
formation by osteoblasts. In osteoporosis, the balance is disrupted, with increased bone resorption exceeding bone
formation. This leads to bone loss and microarchitectural deterioration.”” Thus, the two main targets of current drugs for
osteoporosis are the promotion of bone formation and the inhibition of bone resorption. Our results have shown that in
postmenopausal osteoporosis, switching therapy from TPT to Dmab further increases bone mineral density at all
measured sites, suggesting that this sequential treatment can fully utilise the mechanism of the two different drugs to
intervene in the bone remodelling process and further increase BMD. Previous study has confirmed that TPT sequential
Dmab therapy significantly enhanced BMD in hip and vertebrae, with particularly notable improvements observed in
vertebral bone density.?’** However, our study further revealed that prior use of TPT did not reduce the increase in BMD
after later sequential Dmab compared with the treatment-naive group. In fact, sequential Dmab at the end of TPT
treatment is one of the currently recommended sequential treatment strategies.' >

Our results also showed that the efficacy of sequential Dmab was differentially attenuated by the prior use of ALN,
ZOL, and RAL, all of which were antiresorptive agents. Patients who had previously received ZOL experienced
significantly smaller gains in BMD at all three sites following sequential Dmab treatment than the NT group. Patients
with prior ALN or RAL gained similar increases in BMD at LS and TH following sequential Dmab as the NT group, but
exhibited smaller increases at FN. This finding implied that the prior use of drugs that inhibit bone resorption through
similar mechanisms to Dmab impacted the efficacy of sequential Dmab. The degree of impact was related to the capacity
of prior drugs to suppress bone resorption. Partial overlap in the mechanisms of action of BPs and Dmab could be one
explanation for this phenomena. BPs target their action on osteoclasts. They can bind with high affinity to bone and are
subsequently taken up by osteoclasts, resulting to impairment of bone-resorbing capabilities and osteoclast death.
Whereas Dmab targets osteoclast precursor cells, preventing osteoclasts from maturing and activating before they attach
to the bone matrix, resulting in greater inhibition of bone remodeling and more effective anti-bone resorption.”*>? Thus,
the total remodeling space had already been reduced during treatment with BPs. Therefore, the stronger the BPs used, the
more the bone remodeling space reduces and the less effective sequential Dmab gains. Both ZOL and ALN are nitrogen-
containing BPs. The antiresorptive effects of the nitrogen-containing BPs appear to result from their inhibition of the
enzyme farnesyl pyrophosphate synthase (FPPS) in osteoclasts. FPPS is a key enzyme in the mevalonate pathway, which
generates isoprenoid lipids utilized for the post-translational modification of small GTP-binding proteins that are
essential for osteoclast function.® However, ZOL has an additional ring heterocyclic structure, allowing it to stabilize
conformational changes that magnify its inhibitory potency in addition to inhibiting the FPPS enzyme. The rank order for
inhibiting FPPS and antiresorptive potency was pamidronate < ALN < ibandronate < risedronate < ZOL.® Moreover, it
was well-established that BPs were the only anti-osteoporotic drugs that could remain in bone matrix.*® Bisphosphonates
are retained in the bone for a longer period, and drugs exposed to the bone surface dissociate and return to circulation and
reattach to the bone to inhibit bone resorption.** Bisphosphonates can be retained in the circulation for up to 10 years
after discontinuation.>* Nancollas used a constant composition potentiostatic method, to demonstrate significant differ-
ences in the kinetic binding affinity of several BPs to hydroxyapatite that established a rank order of clodronate <
etidronate < risedronate < ibandronate < ALN < pamidronate < ZOL.* Therefore, the differences in mineral binding and
inhibitory potency for FPPS would both be predicted to affect the duration of action of BPs. ZOL exhibit stronger
binding affinity to hydroxyapatite and longer residual time in bone compared to ALN, leading to a more pronounced
reduction in bone remodeling space. This explained why switching from ZOL to Dmab resulted in poor BMD
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improvement compared to ALN. However, Fraser did not observe a significant difference in change in BMD between
patients previously on iv ZOL compared to oral BPs, although there was a trend in the TH and FN where the response to
Dmab was less in patients on previous iv ZOL transitioning to Dmab.*® Nevertheless, more than one-third of the subjects
in that study suffered from secondary osteoporosis and nearly 20% were renally impaired, making the sample less
representative. Several studies showed that sequential treatment with BPs—Dmab was associated with higher BMD gain
than continuous BPs treatment. None of them, however, examined how the effectiveness of sequential Dmab was
affected by prior, different BPs with varying capacities to inhibit bone resorption.* ¢

There were limited and inconsistent researches on the effects of transitioning from RAL to Dmab on the changes of
BMD.?”** Although RAL primarily exerts its anti-resorptive effects through selective estrogen receptor modulation and
by reducing osteoclast activity and number,>® studies have shown that it can also involve in RANKL/
Osteoprotegerin(OPG) pathway by modulating estrogen receptor.**' RAL stimulates the production of OPG from
osteoblasts, as demonstrated in vitro, carring out their antiresorption activity, at least in part, as means of the OPG/
RANK/RANKL system.**** In vivo, Messalli reported RAL treatment in postmenopausal women showed a significant
increase in OPG levels after 6 months of therapy.** Both Dmab and OPG can bind to RANKL, negatively regulating
osteoclast differentiation and activation by blocking the RANKL-RANK interaction. The overlapping mechanisms of
action via the same pathway between RAL and Dmab resulted in a lack of synergistic effects, which might explain the
less-than-expected BMD increase in low bone turnover regions (FN sites) observed in this study. Additionally, elevated
PTH levels observed in the RAL group emerged as another prominent factor contributing to the insignificant increase in
the BMD of cortical bone compared to the notable increase in BMD of trabecular bone.

Another concern is that, among three BMD sites, prior therapy had the greatest impact on changes in BMD at FN, with
ALN, ZOL, and RAL resulting in much lesser increases than the NT group after sequential 1-year Dmab. Fraser observed
decreased responses in the TH and FN when switching from ZOL to Dmab.>® A meta-analysis of 4RCTs suggest that
sequential therapy with BPs and Dmab have just positive effects on lumbar spine bone density in patients with postmenopausal
osteoporosis.* The LS is composed of cancellous (spongy) bone, which has a higher rate of bone turnover and responsive to
treatments that promote bone formation or inhibit resorption. In contrast, the FN is primarily composed of cortical bone, which
is less metabolically active and may respond differently to the same treatments. And the cortical-cancellous ratio in the TH is
lower than in the FN.***” Drugs that affect bone remodeling may have a more pronounced effect on areas with higher turnover
rates, leading to greater changes in LS BMD.*® This resulted in differences in FN and LS BMD changes throughout the drug
sequencing strategy. In this study, the change in BMD was only observed after 1-year sequential Dmab. An increase in FN
BMD might have been found after several years of sequential Dmab.

This study revealed an independent negative correlation between baseline BMD and the increase in BMD one year
after Dmab treatment. This finding indicated that Dmab may be particularly suitable for patients with lower baseline
BMD. Of particular importance, for patients whose BMD remained at a low level despite having received other anti-
osteoporotic therapies, switching to or sequentially using Dmab resulted in a more significant increase in BMD. Dmab
demonstrated remarkable efficacy in preventing bone loss, decreasing cortical bone porosity, and increasing cortical bone
thicking, owing to its ability to significantly inhibit the generation rate of systemic bone remodeling units.*’

Bone turnover markers have been widely recognized as effective surrogate indicators for assessing bone turnover
rates and predicting fracture risk.’® This study demonstrated that switching to Dmab significantly suppressed bone
metabolism marker levels in all five observed groups, notably, an increase in serum PTH levels observed only in the RAL
group, suggesting that the patients of this group might require additional vitamin D supplementation to prevent
hypocalcemia after transitioning to Dmab Therefore, it is hypothesized that insufficient vitamin D supplementation
may be a reason for the limited BMD increase at the hip in the RAL groups.

The strengths of this study include the authenticity and practicality of the data, which are derived from real-world clinical
practice and provide valuable insights for guiding actual treatment decisions. In addition, to reduce bias and confounding in
data analysis, several statistical approaches were used, including the LASSO binary logistic regression mode and
a multivariate regression model. Moreover, the study highlighted differences in treatment efficacy among patients with
varying baseline medication histories, providing crucial references for developing personalized treatment plans aimed at
enhancing therapeutic outcomes. However, the study also has several limitations. The diversity and complexity of real-world
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data may lead to sample bias, affecting the generalizability of the results. Unlike an RCT, which has the ability to balance both
measured and unmeasured confounders, statistical methods can only be used to balance the measured confounders in our
investigation. Unmeasured confounding such as lifestyle factors may create bias. In addition, the subjects were from a real-
world clinical setting and it was also impossible to require the subjects to complete the measurements precisely in accordance
with the treatment protocol. As a result, some biomarkers were missing, such as vitamin D levels after sequential. Moreover,
the limited observation period of one-year makes it difficult to fully assess the long-term efficacy such as fracture risk and
safety of Dmab. Lastly, while preliminary mechanistic explorations were performed, further in-depth studies such as long-
term fracture risk reduction, optimal treatment duration, and molecular mechanisms are needed to elucidate the specific
pathways and interactions between Dmab and other medications.

Conclusion

In summary, this study compare the treatment effects of transitioning to Dmab from different prior treatments using real-
world clinical data in Chinese women. According to our research, further BMD increases were observed after sequential
1-year Dmab even with prior use of other anti-osteoporosis drugs (LS: 0.022-0.060g/cm?; FN: 0.005-0.025g/cm?; TH:
0.003-0.015g/cm?). Nevertheless, the effectiveness of subsequent consecutive Dmab treatment are impacted by prior
anti-osteoporosis treatment regimens. While patients who had previously been treated with ZOL had limited subsequent
BMD improvement(LS: f = —0.01, 95% CI: —0.02 to —0.00, P = 0.016; FN: B = —0.01, 95% CI: —0.03 to —0.00, P =
0.010;; TH: p=-0.01, 95% CI: —0.02 to —0.00, P = 0.011), patients who had previously used TPT and had lower BMD at
the beginning of the sequential Dmab benefited more. The results of this study will help clinicians make therapeutic
decisions with reasonable expectations of the consequences of sequential therapy, which is quite common in the real
world when treating osteoporosis. Increased BMD from effective treatments with sequential Dmab can reduce fracture
risks and help prevent the pain and disability. Moreover, a more effective treatment plan can help patients gain
confidence in treatment and increase patient compliance, leading to better bone health, fewer fractures and disability,
and a more active and fulfilling lifestyle, further enhancing quality of life.
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