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Purpose: Due to various clinical considerations, postmenopausal osteoporosis patients initially treated with oral alendronate (ALN) 
therapy can later transition to either Denosumab (Dmab) or Zoledronate (ZOL). Using a two-year retrospective cohort, this study 
sought to thoroughly assess and contrast the frequency of osteoporotic fractures and fluctuations in bone mineral density (BMD) 
among patients switching from ALN therapy to either Dmab or ZOL.
Patients and Methods: This retrospective cohort study enrolled 294 postmenopausal osteoporosis patients who transitioned from 
oral ALN to either Dmab or ZOL. The primary endpoint was new-onset osteoporotic fractures within 24 months, confirmed via 
clinical records and imaging (X-ray/CT/MRI). Secondary endpoint included annual percentage changes in BMD at the lumbar spine, 
total hip, and femoral neck.
Results: There were no discernible variations between the Dmab and ZOL groups in terms of baseline BMD or prior fracture history. 
The median age of the Dmab group was higher than that of the ZOL group. In comparison to the ZOL group, the overall incidence of 
new-onset fractures was significantly lower in the Dmab group (3.79% vs 10.39%, raw p value = 0.028; FDR-adjusted p value = 
0.028), especially for vertebral fractures (1.52% vs 8.44%, raw p value = 0.023; FDR-adjusted p value = 0.028). Furthermore, although 
BMD increased from baseline in both groups, the Dmab group improved much more than the ZOL group.
Conclusion: In postmenopausal osteoporosis patients transitioning from oral ALN to other antiresorptive therapies, Dmab is 
demonstrated superior efficacy over ZOL in lowering risk of new-onset vertebral and overall fractures and sustaining BMD 
improvements over 24 months. These findings suggest that Dmab may represent a preferential strategy for optimizing clinical 
outcomes in sequential anti-osteoporosis treatment protocols.
Keywords: transitioned therapy, denosumab, zoledronate, new-onset fracture

Introduction
Osteoporosis is a systemic bone disorder marked by reduced bone density and structural degradation, leading to 
heightened fragility and susceptibility to fractures.1,2 For postmenopausal women, oral bisphosphonates (BPs) are the 
most often prescribed antiresorptive agent. However, owing to the adverse effects of oral BPs, inconvenience, poor 
adherence, and lack of visible benefits, clinicians may suggest transitioning to other antiresorptive agents.3,4 An essential 
therapeutic approach for treating osteoporosis is switching from oral anti-osteoporosis medications to injectable anti
resorptive drugs with longer dosage intervals. Zoledronate (ZOL) and Denosumab (Dmab) are both antiresorptive agents 
that enhances bone mineral density (BMD) and significantly reduces osteoporotic fracture risk.5–8
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An international multicenter RCT conducted in 2016 examined the effectiveness of Dmab and ZOL after a year of 
treatment in postmenopausal osteoporosis (PMOP) patients who had previously taken oral BPs.9 In addition to showing 
a much higher percentage change in BMD at different skeletal sites, patients who received Dmab treatment also showed 
a significantly lower level of bone turnover markers (BTMs). Additionally, adverse effects were similar for both medications, 
with atypical femoral fractures (AFFs) occurring. In 2020, a combined review of four studies assessed the effectiveness and 
safety of switching postmenopausal women from oral BPs to Dmab or alternative BPs.10 Although these studies confirmed 
the better efficacy of Dmab treatment, osteoporotic fractures were not formally examined as a primary endpoint event.10

Therefore, we conducted a two-year retrospective cohort study to compare the incidence of new-onset fractures in 
PMOP patients who switched from oral ALN to ZOL or to Dmab. Additionally, we compared the differences in BMD 
and BTMs after treatment with ZOL or Dmab. This study aimed to present clinical data supporting the optimization of 
personalized therapeutic strategies for PMOP patients.

Materials and Methods
Study Subjects
All the data were obtained from the electronic health records (EHRs) of the Shanghai Sixth People’s Hospital Affiliated 
to Shanghai Jiao Tong University School of Medicine.

The inclusion criteria for this study were as follows: (1) patients diagnosed with PMOP who ≥ 50 years old; (2) oral 
ALN treatment for more than 3 months; (3) for various reasons (side effects, poor compliance or curative effect), the 
anti-osteoporosis treatment was changed to Dmab (60mg, subcutaneously) every six months for at least two times or 
ZOL (5mg, intravenously) once a year for at least one time; and (4) baseline serum beta cross-linked carboxy-terminal 
telopeptide of type I collagen (β-CTX) was less than 500 pg/mL.9

The exclusion criteria were as follows: (1) treatment with Dmab or ZOL at any time in the past; (2) treatment with 
PTH or PTH derivatives at any time in the past; (3) indications of different metabolic or inherited bone diseases; (4) 
treatment with glucocorticoids for >3 months during therapy; (5) any diseases, therapy, or circumstance that might 
contribute to low bone mass without being genetic.

All subjects took at least 600 mg of oral elemental calcium and 400 IU of vitamin D3 daily.
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This study was approved by the Ethics Committee of the Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao 
Tong University School of Medicine (2023-KY-093). The informed consent was obtained from the study participants 
prior to study commencement.

New-Onset Fracture Assessment
New-onset fractures were defined as nontraumatic fractures that occurred within 24 months from baseline (ALN switches 
to ZOL or Dmab). Fractures included vertebral, hip, wrist, and humeral fractures. Vertebral fractures were assessed by 
comparing vertebral morphological changes at baseline with those at month 24 via the Genant semiquantitative 
technique.11 All patients underwent vertebral X-ray examinations at 2 years after enrollment, with the examination 
time window set at 24±3 months. Patients who did not complete BMD and BTMs follow-up examination in our hospital, 
we conducted telephone follow-ups and requested them to undergo vertebral X-ray examinations at local hospitals. If the 
actual examination time of a patient exceeded this range, the patient was considered to be outside the time window and 
excluded from the data analysis cohort of this 2-year X-ray examination. Hip fractures were identified via X-ray 
examination and surgical records12 and hip fractures were differentiated from atypical femoral fractures (AFF).13 

Wrist and humeral fractures were determined via X-ray examination.

BMD and BTMs Assessments
The same Lunar Prodigy dual energy X-ray absorptiometry (DXA) (GE Healthcare, Madison, WI, USA) densitometer 
was used to evaluate BMD of femoral neck and total hip, and lumbar spine 1–4 (L1-L4). The analysis was conducted 
with Prodigy encore (ver. 6.70, standard-array mode; GE Healthcare, Madison, WI, USA).

The DXA measures at total hip, femoral neck, and L1-L4 showed root‒mean‒square coefficient of variation (RMS-% 
CV) values of 0.70%, and 2.22% and 1.39%, respectively. Body weight and height were assessed with standardized 
instruments. BMI calculation was based on the formula weight/height squared, expressed as kg/m2.

BMDs were taken at baseline, as well as 12 and 24 months into the course of treatment. The levels of serum β-CTX, 
osteocalcin (OC) were measured at baseline, month 6, month 12, month 18 and month 24. Serum biochemical indexes 
including calcium (Ca), phosphorus (P), intact parathyroid hormone (PTH), and 25-hydroxyvitamin D [25(OH)D] were 
assessed at baseline. Automated analyzers were used to measure the serum levels of Ca and P. Automated Roche’s 
electrochemiluminescence system (E170, Roche, Germany) assessed β-CTX, OC, 25(OH)D, and PTH serum concentra
tions. All these serum biochemical indexes were measured in Shanghai Sixth People’s Hospital Affiliated to Shanghai 
Jiao Tong University School of Medicine.

Outcome
The primary endpoint was the incidence of new-onset fragility fractures across the 24-month study period. The 
percentage change in BMD at femoral neck, total hip, L1-L4, and percentage change in BTMs from baseline to month 
12 were the main secondary endpoints. Additional secondary endpoints included the percentage change in BMD and 
BTMs from baseline to month 24.

Statistical Analyses
Descriptive statistics were included as mean (standard deviation) or median (interquartile range, IQR). Normality of the 
data distribution was evaluated using the Shapiro–Wilk test. And Levene’s test was used to assess the homogeneity of 
variances. When the variances were not homogeneous, Welch’s t-test was applied. The significant difference was 
analyzed using t-test / Welch’s t-test for normally distributed variables or the Mann‒Whitney U-test for non-normally 
distributed variables.

The overall fracture-free period was defined as the time from the first treatment date to the date of new-onset fracture, 
or the date of the last visit, up to 24 months, whichever occurred first. Patients who remained fracture-free at their final 
follow-up were censored. A Log rank test was used to compare time to new-onset fracture between the Dmab group and 
the ZOL group. Cox proportional hazard models were used to evaluate the contribution of the two treatment groups to 
new-onset fractures up to 24 months, adjusting for age at baseline, duration of oral ALN therapy, and baseline 25(OH)D 
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level. The proportional hazards assumption was evaluated using Schoenfeld residuals, which quantify the discrepancy 
between observed and expected event times for each covariate. Analyses were conducted in R (Version 3.5.1). 
Schoenfeld residual plots were shown in Supplementary Figure 1.

The relationship between treatment group and the incidence of new-onset fractures was first examined using 
univariate logistic regression, followed by multivariate logistic regression adjusting for covariates including baseline 
age, duration of oral ALN therapy and baseline 25(OH)D level. Patients who exceeded the pre-specified examination 
time window were excluded from the analysis. Analyses were conducted in R (Version 3.5.1).

A sensitivity analysis was performed using Firth regression, with the same covariates as in the multivariate logistic 
regression. Additionally, the propensity-based sensitivity analysis was performed to effectively reduce the influence of 
confounding bias between two groups on the results of new-onset fractures and to improve the robustness of the 
conclusions. We used full matching for propensity score matching, with the caliper and ratio equal to 0.3 and 1, 
respectively. Age at baseline, duration of oral ALN therapy and baseline serum level of 25(OH)D were included as 
matching variables. Analyses were conducted in R (Version 3.5.1).

The mean percentage change in BMD from the initial measurement to the 12- and 24-month follow-ups was 
determined through multiple linear regression analysis. This model accounted for several covariates, including partici
pants’ baseline age, duration of prior oral ALN therapy, baseline BMD value, and serum 25(OH)D concentrations at 
baseline. Homoscedasticity analysis was performed in the linear regression analysis; if heteroscedasticity occurred, HC3 
robust standard errors were used to correct for it.

Based on the outcome measures and testing aims of this study, all hypothesis tests were grouped into 8 independent 
hypothesis families. The number of tests included in each family, along with the rationale for their grouping, was 
provided in the Supplementary Table 1. To account for multiple comparisons, false discovery rate (FDR) adjusted 
p values implementing the Benjamini-Hochberg method were included. FDR-adjusted p values <0.05 were considered 
significant. The p value adjustments were performed using R (Version V.3.5.1). All p values and adjusted p values are 
grouped by hypothesis families and presented in Supplementary Table 2.

The Mann‒Whitney U-test or t-test was used to compare the median/mean percentage changes in β-CTX and OC 
after treatment between two groups.

Spearman correlation analysis was used to analyze the association between the incidence of new-onset fractures and 
the percentage change from baseline to month 12 in the β-CTX and OC in the Dmab and ZOL groups, respectively.

Statistical analyses were performed using SPSS unless otherwise indicated.

Results
Baseline Demographics and Clinical Characteristics
In this study, after rigorous screening, a total of 294 subjects with postmenopausal osteoporosis previously treated with 
ALN followed by Dmab or ZOL were selected from among patients who were routinely monitored at the Osteoporosis 
and Bone Diseases outpatient clinic. Among them, 135 subjects were treated with Dmab (Dmab group), and 159 subjects 
were treated with ZOL (ZOL group). In the Dmab group, all the subjects (135 subjects) received Dmab treatment for 12 
month and completed follow-up examinations of BMD and BTMs, among whom 46 finished 24 months of treatment and 
completion of BMD and BTMs follow-up examination. In the ZOL group, all the subjects (159 subjects) received ZOL 
treatment for 12 month and completed follow-up examinations of BMD and BTMs, among whom 65 finished 24 months 
of treatment and completion of BMD and BTMs follow-up examination. Figure 1 shows the detailed information of 
subject disposition. Table 1 provides a summary of the baseline demographics of total 294 subjects.

The median ages (IQRs) of the Dmab group and ZOL group were 73 (66,78) and 70 (65, 75), respectively (p = 
0.008). The median durations of previous oral ALN therapy in the Dmab group and ZOL group were 36 (16, 54) months 
and 20 (10, 35) months, respectively (p < 0.001).

At baseline, 66 subjects (48.89%) in the Dmab group had osteoporotic fractures, whereas 92 subjects (57.86%) in the 
ZOL group had osteoporotic fractures. The two groups experienced fractures at comparable rates (p = 0.129).
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At baseline, the two groups’ BMDs for the femoral neck, total hip, and L1-L4 did not differ significantly. Similar 
serum concentrations of BTMs, Ca, P and PTH were noted across both groups. Although the serum level of 25(OH)D 
were maintained above 30ng/mL in both two groups, the Dmab group showed noticeably greater 25(OH)D concentra
tions than the ZOL group (p = 0.01). Table 1 provides a summary of the detailed clinical features.

Figure 1 Subject disposition. *Prolonged dosing interval: the situation where the treatment intervals of Dmab and ZOL exceed 7 months and 13 months, respectively.

Table 1 Baseline Demographics and Clinical Characteristics

Dmab (N=135) ZOL (N=159) p value

Age, year, median (Q1, Q3) 73 (66, 78) 70 (65, 75) 0.008
BMI, mean ± SD 22.49±3.22 22.48±3.46 0.990

Prior oral ALN treatment duration, month, median (Q1, Q3) 36 (16, 54) 20 (10, 35) <0.001

Osteoporotic fracture (%) 66 (48.89%) 92 (57.86%) 0.129
Vertebral 55 (40.74%) 79 (49.69%) 0.129

Hip 5 (3.70%) 5 (3.14%) 1.000

Radius 13 (9.63%) 11 (6.92%) 0.307
BMD, median (Q1, Q3)

L1-L4, g/cm2 0.786 (0.713, 0.868) 0.768 (0.693, 0.830) 0.069

Femoral neck, g/cm2 0.643 (0.566, 0.712) 0.633 (0.588, 0.692) 0.665
Total hip, g/cm2 0.694 (0.655, 0.765) 0.694 (0.611, 0.756) 0.209

Serum β-CTX, pg/mL, median (Q1, Q3) 223.5 (133.7, 352.2) 234.0 (159.7, 329.5) 0.618

Serum OC, pg/mL, median (Q1, Q3) 12.80 (10.27, 16.28) 12.46 (9.91, 16.71) 0.868
Serum PTH, pg/mL, median (Q1, Q3) 38.27 (29.19, 45.23) 39.45 (31.04, 53.90) 0.064

Serum Ca, mmol/L, mean ± SD 2.35±0.10 2.34±0.09 0.224

Serum P, mmol/L, mean ± SD 1.11±0.14 1.10±0.13 0.372
Serum 25(OH)D, ng/mL, median (Q1, Q3) 33.44±9.75 30.63±8.9 0.010

Abbreviations: ALN, alendronate; L1-L4, Lumbar spine 1–4.
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New-Onset Fractures During the 24-Month Treatment
In this study, 286 patients completed vertebral X-ray examinations within the time window during the 24-month follow- 
up, while 8 patients underwent vertebral X-ray examinations outside the time window. The detailed information is shown 
in Figure 1.

The Dmab group had fewer new-onset fractures than the ZOL group (Dmab: 3.79%, 5/132 vs ZOL: 10.39%, 16/154). 
Table 2 showed the information of new-onset fracture of two groups.

The Cox regression model revealed that, after adjusting for baseline age, duration of oral ALN therapy, and baseline 
serum 25(OH)D level, patients in the ZOL group had a considerably higher chance of getting new-onset fractures 
compared to those in the Dmab group (HR = 3.23, 95% CI = 1.13–9.23; raw p value = 0.028; FDR-adjusted p value = 
0.028; Table 3). The median fracture-free times was 23.54 months with Dmab and 23.12 months with ZOL (Log rank test 
p value = 0.025; FDR-adjusted p value = 0.028). Vertebral fractures accounted for the majority of new-onset fractures, 
with 2 out of 5 in the Dmab group and 13 out of 16 in the ZOL group. After adjusting for the same covariates using the 
Cox regression model, a similar trend of an elevated risk of developing new-onset vertebral fracture in the ZOL group 
compared to the Dmab group was seen (HR = 5.88, 95% CI=1.27–27.12; raw p value = 0.023; FDR-adjusted p value = 
0.028; Table 3). The median new-onset vertebral fracture-free times were 23.81 months with Dmab and 23.22 months 
with ZOL (Log rank test p value = 0.007; FDR-adjusted p value = 0.028).

Univariate logistic regression showed that compared with the Dmab group, the ZOL group had a higher incidence of 
overall new-onset fractures (OR = 2.94; 95% CI = 1.12–9.21; raw p value = 0.040, FDR-adjusted p value = 0.040). After 
adjusting for baseline age, duration of oral ALN therapy, and baseline serum 25(OH)D level, the risk of overall new- 
onset fractures in the ZOL group was higher than that in the Dmab group (OR = 3.20; 95% CI = 1.15–10.50; raw p value 
= 0.036; FDR-adjusted p value = 0.040). Univariate logistic regression showed that compared with the Dmab group, the 
ZOL group had a higher incidence of vertebral fractures (OR = 5.99; 95% CI = 1.62–38.80; raw p value = 0.020; FDR- 

Table 2 New-Onset Fracture Information of Dmab and 
ZOL Treatment

Dmab (N = 132) ZOL (N = 154)

Number of subjects 5 (3.79%) 16 (10.39%)

Number of fractures 5 17

Vertebra 2 13
Radius 3 2

Femoral neck 0 2

Table 3 HR, 95% CI and p Value of Cox Regression

Variables HR 95% CI Raw p Value FDR-Adjusted p Value

Total fracture incidence

Treatment Group 3.23 (1.13, 9.23) 0.028 0.028

Age at baseline 1.01 (0.95, 1.08) 0.676 0.856
Duration of oral alendronate therapy 1.00 (0.99, 1.02) 0.648 0.856

Baseline serum level of 25(OH)D 1.00 (0.95, 1.04) 0.856 0.856

Vertebral fracture incidence

Treatment Group 5.88 (1.27, 27.12) 0.023 0.028
Age at baseline 0.99 (0.92, 1.06) 0.741 0.856

Duration of oral alendronate therapy 1.01 (0.99, 1.03) 0.572 0.856

Baseline serum level of 25(OH)D 0.97 (0.92, 1.03) 0.361 0.856

Abbreviation: FDR, false discovery rate.
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adjusted p value = 0.040). After adjusting for covariates, the risk of new-onset vertebral fractures in the ZOL group was 
also higher than that in the Dmab group (OR = 5.86; 95% CI = 1.49–39.20; raw p value = 0.026; FDR-adjusted p value = 
0.040). The detailed information was presented in supplementary Table 3.

Owing to the limited number of new-onset fracture events, there is a potential risk of rare event bias. Thus, Firth’s 
penalized logistic regression was additionally utilized for sensitivity analysis. The results of Firth’s penalized logistic 
regression were consistent with the primary outcome, which indicated that after controlling for rare event biases, the 
results of this study remain robust. The ORs, 95% CIs, and p values from both logistic regression and Firth’s penalized 
logistic regression, along with a detailed comparison between the two methods, are presented in Supplementary Table 3.

In addition to validating the robustness of the new-onset fracture using Firth’s penalized logistic regression, we further 
verified these results through propensity score sensitivity analysis. Propensity score matching was performed based on the 
complete sample. Using full matching, a total of 278 subjects were successfully matched (124 in the Dmab group and 154 in 
the ZOL group). Except for baseline age, the standardized mean differences (SMDs) of the other two covariates (duration of 
oral ALN therapy and baseline serum 25(OH)D level) were < 0.1 after matching. The absolute values of SMDs before and 
after matching are presented in Supplementary Table 4. Although the absolute value of the SMD for baseline age was still 
greater than 0.1 after matching, it is evident that the SMD had decreased compared with that before matching (Figure 2). 
Univariate and multivariate Logistic regression, along with Cox regression analyses, were conducted on the matched 
patient cohort. Univariate Logistic regression results showed that the risks of new-onset overall fractures and vertebral 
fractures in the ZOL group were both higher than those in the Dmab group (overall: OR = 2.76, 95% CI: 1.05–8.64, p = 
0.054; vertebral: OR = 5.65, 95% CI: 1.27–25.02, p = 0.023); after adjusting for the covariate of baseline age, the results 
remained highly consistent (overall: OR = 2.88, 95% CI: 1.08–9.16, p = 0.048; vertebral: OR = 5.52, 95% CI: 1.23–24.71, 
p = 0.025), with specific values available in Supplementary Table 5. Cox regression analysis revealed that the ZOL group 
had a significantly higher risk of both new-onset overall fractures and vertebral fractures compared with the Dmab group 
(overall: HR = 2.79, 95% CI: 1.03–7.62, p = 0.045; vertebral: HR = 5.62, 95% CI: 1.51–36.40, p = 0.025). Results from 
propensity score matching were largely consistent with the primary outcome, demonstrating that even after accounting for 
baseline confounders and excluding samples without matched pairs, the Dmab group still reduced the incidence of new- 
onset fractures, thereby confirming the robustness of the conclusion.

No significant variance in nonvertebral (hip or radius) fracture rates was observed across the two groups.

BMD and BTMs Levels at Month 12
At month 12, femoral neck BMD rose by 2.22% (95% CI = 1.38–3.07%) with Dmab versus 0.74% (95% CI = 
−0.12–1.60%) with ZOL (raw p = 0.021; FDR-adjusted p = 0.045) from baseline. At total hip, BMD rose by 1.24% 
(95% CI = 0.52–1.96%) with Dmab versus 0.30% (95% CI = −0.34–0.94%) with ZOL (raw p = 0.059; FDR-adjusted p = 

Figure 2 Covariate balance before and after propensity score matching. Absolute values of standardized mean differences (SMD) of covariates before and after propensity 
score matching. Age means age at baseline; ALN means duration of previous ALN therapy; base_VD means the level of 25(OH)D at baseline.
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0.076). L1-L4 BMD rose by 3.19% (95% CI = 2.17–4.22%) with Dmab versus 1.80% (95% CI = 1.01–2.59%) with ZOL 
(raw p= 0.011; FDR-adjusted p = 0.033) (Figure 3A).

The Dmab group’s median percentage change in serum β-CTX from baseline was substantially higher than the ZOL 
group’s at both month 6 (Dmab: −44.66%, IQR: −67.49%, −20.87% vs ZOL: −33.81%, IQR: −59.47%, −6.60%; raw p =  
0.014; FDR-adjusted p = 0.024) and month 12 (Dmab: −45.31%, IQR: −72.20%, −14.19% vs ZOL: −10.83%, IQR: 
−40.21%, 25.11%; raw p < 0.001; FDR-adjusted p = 0.002). Similarly, in month 6 and 12, the Dmab group’s OC levels 
were noticeably lower than those of the ZOL group (raw p < 0.001; FDR-adjusted p = 0.002) (Figure 3B and C).

According to the previously reported methodologies,14 the serum β-CTX levels at baseline were stratified into tertiles 
(≤165pg/mL, >165pg/mL to 285pg/mL, and >285 pg/mL), revealing a positive correlation between β-CTX tertile 
categories and BMD improvement. The detailed information was presented in Figure 4. In the highest tertiles of baseline 

Figure 3 The percentage change in BMD and BTMs after 12 months of treatment. (A) Mean percentage change in BMD based on an analysis of multiple linear regression 
adjusted for age at baseline, duration of prior oral ALN treatment, baseline BMD value and baseline 25(OH)D. a, raw p value = 0.021, FDR-adjusted p value = 0.045; b, raw 
p value = 0.059, FDR-adjusted p value = 0.076; c, raw p value = 0.011, FDR-adjusted p value = 0.033; (B) percentage change in serum β-CTX, shown as medians and IQRs; * 
indicates raw p and FDR-adjusted p < 0.05. The raw p values and FDR-adjusted p values of the percentage change in serum β-CTX from baseline to month 6 and to month 
12 were 0.014 (FDR-adjusted p: 0.024) and 0.001 (FDR-adjusted p = 0.002). (C) percentage change in the serum OC concentration shown as the mean and standard 
deviation; * indicates raw p and FDR-adjusted p < 0.05. The raw p values and FDR-adjusted p values of percentage change in serum OC from baseline to month 6 and to 
month 12 were 0.001 (FDR-adjusted p: 0.002).

Figure 4 The percentage change in BMD from baseline to month 12 by baseline β-CTX. Mean percentage change in BMD based on an analysis of linear regression adjusted 
for age at baseline, duration of prior oral ALN treatment, baseline BMD value and baseline 25(OH)D. N = number of subjects with data. *indicates that the raw p and FDR- 
adjusted p < 0.05. The raw p value was 0.001 (FDR-adjusted p: 0.006) at total Hip in the highest tertiles of baseline β-CTX, respectively. ns means not significant.
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β-CTX, compared with the ZOL group, BMD improved more in the Dmab group at total hip (raw p < 0.001; FDR- 
adjusted p = 0.006). Although, prior to FDR adjustment, the Dmab group demonstrated greater improvement in femoral 
neck and L1-L4 BMD than the ZOL group within the highest tertile of baseline β-CTX (raw p value = 0.029 and 0.038, 
respectively), this difference no longer attained statistical significance following FDR adjustment (FDR-adjusted p value 
= 0.087 and 0.201, respectively). In the lowest and middle tertiles of baseline β-CTX, the percentage change in BMD did 
not significantly differ between the two groups (Figure 4). The raw and FDR-adjusted p values are provided in 
Supplementary Table 2.

Relationship Between New-Onset Fractures and Changes in the Serum β-CTX Level
The potential risk factors of new-onset fractures were further explored. In the ZOL group, the incidence of new-onset 
fractures showed a trend of negative correlation with the percentage change in serum β-CTX level at month 12 (r = 
−0.135, p = 0.089). Nevertheless, no significant correlation was found between percentage change in serum OC from 
baseline to month 12 and the occurrence of fractures (r = −0.104, p = 0.191).

BMD and BTMs at Month 24
In this study, 111 subjects (46 in the Dmab group and 65 in the ZOL group) finished 24 months of treatment and 
completion of BMD and BTMs follow-up examination. The detailed baseline information of these 111 patients is 
summarized in Supplementary Table 6.

At month 24, the Dmab group’s BMD at the femoral neck rose by 3.93% (95% CI = 2.11–5.75%) while the ZOL 
group’s rose by 1.56% (95% CI = 0.52–2.61%) (raw p = 0.031; FDR-adjusted p = 0.047). The Dmab group’s BMD at the 
total hip rose by 2.94% (95% CI = 1.58–4.31%) while the ZOL group’s rose by 0.51% (95% CI = −0.39–1.40%) (raw p = 
0.002; FDR-adjusted p = 0.018). At L1-L4, the Dmab group’s BMD rose by 5.86% (95% CI = 4.17–7.56%) from 
baseline, while the ZOL group’s rose by 3.50% (95% CI = 2.09–4.90%) (raw p = 0.025; FDR-adjusted p = 0.045) 
(Figure 5A).

At month 18, both groups presented a reduction in β-CTX levels from baseline, with values of −43.09% (−62.29%, 
−8.54%) in the Dmab group and −37.25% (−61.88%, −5.31%) in the ZOL group (raw p = 0.881; FDR-adjusted p = 
0.881). At month 24, the Dmab group had a significantly greater reduction from baseline than did the ZOL group: 
−43.24% (−69.69%, 3.01%) and −17.45% (−47.72%, 29.61%) (raw p = 0.018; FDR-adjusted p = 0.027). The median 
percentage change in serum OC from baseline was substantially higher with Dmab than with ZOL at month 18 (raw p = 
0.028; FDR-adjusted p = 0.037) and 24 (raw p < 0.001; FDR-adjusted p = 0.002) (Figure 5B–C).

Additionally, the Dmab group’s percentage change in BMD at total hip was substantially larger than the ZOL group’s 
in the highest tertiles of baseline β-CTX (Dmab: 5.18% vs ZOL: 1.30%, raw p = 0.002; FDR-adjusted p = 0.006) 
(Supplementary Figure 2). Although, prior to FDR adjustment, the Dmab group demonstrated greater improvement in 
femoral neck than the ZOL group within the lowest tertile of baseline β-CTX (raw p value = 0.021), this difference no 
longer attained statistical significance following FDR adjustment (FDR-adjusted p value = 0.087). The raw and FDR- 
adjusted p values are provided in Supplementary Table 2.

Adverse Event
The adverse events monitored in this study included hypocalcemia, osteonecrosis of the jaw and atypical fractures. No 
patients experienced these adverse events by the end of the study.

Discussion
The first-line medication for treating primary osteoporosis is oral ALN. However, the therapeutic benefit is impacted due 
to the low adherence to oral ALN.15,16 In addition, Erik A. Imel reported that, despite BP adherence, 35% of patients 
experienced new-onset fractures or a decline in BMD, and 7% of patients experienced incident osteoporotic fractures 
during treatment. For better osteoporosis therapy, alternate therapy is a feasible approach for patients.17 ZOL and Dmab, 
as antiresorptive drugs, are important choices for transitioned treatment after oral BPs.
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The effectiveness and adverse consequences of Dmab and BPs in PMOP women who had prior oral ALN have been 
compared in a number of trials.9,10,14,18,19 Compared with other BPs treatments, one year of Dmab treatment resulted in 
a larger rise in BMD and more BTM inhibition. However, none of these studies included a formal assessment of 
osteoporotic fractures, which may have resulted in a lower fracture incidence. Our research demonstrated that switching 
from oral ALN to Dmab is linked to a decreased incidence of new-onset fractures, greater skeletal benefits, and decreased 
BTMs, irrespective of how long the previous ALN treatment lasted. Compared to the ZOL group, the Dmab group 
experienced fewer new-onset fractures (Dmab: 3.79% vs ZOL: 10.39%). Furthermore, the Dmab group experienced 
fewer vertebral fractures than the ZOL group (Dmab: 1.52% vs ZOL: 8.44%). Two subjects who received ZOL treatment 
suffered femoral neck fractures and were treated surgically; however, no subjects in the Dmab group experienced hip 
fractures. Table 4 shows the comparison of our study and previous studies.

BMD changes are crucial for estimating the risk of fracture.20,21 Anti-osteoporosis treatment can improve BMD and 
decrease fracture risk.22,23 In our study, the BMD percentage changes in the Dmab group had a greater increase during 
treatment than in the ZOL group. Additionally, the Dmab group experienced fewer new-onset fractures than the ZOL 
group, particularly in the vertebral spine. This could suggest that higher BMD is linked to fewer new-onset fractures.

Figure 5 The percentage change in BMD and BTMs from baseline to month 24. (A) Mean percentage change in BMD based on an analysis of multiple linear regression 
adjusted for age at baseline, duration of prior oral ALN treatment, baseline BMD value and baseline 25(OH)D, * means raw p and FDR-adjusted p < 0.05. The raw p value of 
percentage change in femoral neck and total Hip from baseline to month 24 were 0.031 (FDR-adjusted p value: 0.047) and 0.002 (FDR-adjusted p values: 0.018), respectively. 
The raw p value of percentage change in L1-L4 from baseline to month 12 and to 24 were 0.009 (FDR-adjusted p values: 0.033) and 0.025 (FDR-adjusted p values: 0.045), 
respectively. (B and C) Percentage change in serum β-CTX and OC levels shown as medians and IQRs; *means raw p and FDR-adjusted p < 0.05. The raw p values and FDR- 
adjusted p values of percentage change in β-CTX from baseline to month 12 and to month 24 were 0.001 (FDR-adjusted p: 0.002) and 0.018 (FDR-adjusted p: 0.027). The 
raw p values and FDR-adjusted p values of percentage change in OC from baseline to month 12, to month 18 and to month 24 were 0.001 (FDR-adjusted p: 0.002), 0.028 
(FDR-adjusted p: 0.037) and 0.001 (FDR-adjusted p: 0.002).
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Table 4 Studies of Efficacy of Bisphosphonate or Denosumab Previously Treated with Oral Alendronate

Study Design Anti-Resorptive 
Drugs

Primary Endpoint Observed 
Duration

Results for Primary Endpoint

David L Kendler et al18 RCT ALN vs Dmab Change in total hip BMD from 
baseline to month 12

1Y BMD in total hip in Dmab and continued ALN increased by 1.9% and 
1.05% (p < 0.0001)

Chris Recknor et al19 Open-label study Ibandronate vs Dmab Change in BMD from baseline to 

month 12 for total hip

1Y BMD in total hip in Dmab and ibandronate increased by 2.3% and 1.1% 

(p < 0.0001)
C. Roux et al14 Open-label study Risedronate vs Dmab Change from baseline in total hip 

BMD

1Y BMD in total hip in Dmab and risedronate increased by 2.0% and 0.5% 

(p < 0.0001)

P D Miller et al9 RCT ZOL vs Dmab Change from baseline in lumbar 
spine

1Y BMD in total hip in denosumab and zoledronic acid increased by 3.2% 
and 1.1% (p < 0.0001)

P D Miller et al10 Pooled study Dmab vs 

bisphosphonate

Change from baseline in all skeletal 

sites

1Y BMD had a better increase in all skeletal sites in Dmab

Current study Real-world study ZOL vs Dmab Newly-onset fractures 2Y Incidences of newly-onset fractures in denosumab and ZOL were 

3.79% and 10.39% (raw p = 0.028; FDR-adjusted p = 0.028)

Abbreviations: ALN, alendronate; Dmab, denosumab; ZOL, zoledronate.
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β-CTX and OC are two bone turnover indicators that reflect bone remodelling and the therapeutic effect of anti- 
osteoporosis treatment. Michael McClung et al reported that the levels of BTMs increased after ALN treatment followed 
by ZOL, which means that ZOL cannot inhibit bone remodelling.24 Several studies indicated a correlation between 
elevated serum β-CTX levels and an increased likelihood of fractures.25–27 In the SABRE study, Bauer DC et al reported 
that the reduction of fracture risk is strongly predicted by both the baseline BTM and the change in BTM.28,29 In our 
study, the percentage change (from baseline to month 12) of serum β-CTX had a negative trend to the occurrence of new- 
onset fracture. This finding implied that a higher prevalence of new-onset fractures might be linked to elevated BTMs.

In this study, the Dmab group showed more significant improvement of BMD during treatment. We further assessed 
BMD variations stratified by baseline β-CTX levels. Baseline β-CTX levels were divided into tertiles. In the highest 
tertile of β-CTX, the Dmab group showed greater increases of BMD at all skeletal sites than the ZOL group at month 12 
and a greater improvement at total hip in Dmab group at month 24. Shengli Zhao et al found that declining serum BTMs 
are linked to the increase BMD in lumbar spine in postmenopausal women.30 As a bone resorption marker, a significant 
change in β-CTX level after treatment for osteoporosis reflects effectiveness of treatment.31,32 Some studies showed that 
Dmab effectively suppresses β-CTX and bone remodeling regardless of whether it is used sequentially with antiresorp
tive agents, sequentially with teriparatide, or treatment naive.10,33 Therefore, we suggest that when transitioning from oral 
ALN to either Dmab or ZOL, the choice of agents can be guided by baseline β-CTX levels.

Our research had several obvious advantages. First, this is the first retrospective cohort study in China to compare the 
efficacy of Dmab or ZOL in PMOP patients previously who have previously received oral ALN. Preventing osteoporotic 
fractures is the aim of osteoporosis treatment. Few trials, nevertheless, have evaluated the overall efficacy of switching 
anti-osteoporosis medications in reducing the incidence of new-onset fractures. In this study, we analysed the incidence 
of new-onset fractures after two different transition treatments and reported that oral ALN followed by Dmab was an 
effective treatment strategy for PMOP. Second, in order to ascertain the long-term effectiveness of ZOL and Dmab, this 
study also examined the changes in BMD and BTMs during prolonged treatment.

Like all studies, this study has several limitations. Although our retrospective cohort study suggested that patients 
who transitioned from ALN to Dmab experienced fewer new-onset fractures than those who switched to ZOL, this study 
is a small sample single-center retrospective study, and the duration of oral ALN treatment, the age and the serum level of 
25(OH)D at baseline were not balanced between two groups, it is essential to confirm in large-sample prospective cohort 
studies. Future studies could focus on different study populations to improve the generalizability of the findings.

Conclusion
According to this retrospective cohort study, patients with PMOP may derive greater benefit from switching from oral 
ALN to DMab than to ZOL. This is attributed to the fact that Dmab not only increases BMD but also reduces the risk of 
new-onset fractures. Dmab may represent a preferential strategy for optimizing clinical outcomes in sequential anti- 
osteoporosis treatment protocols for PMOP patients.
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