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A B S T R A C T

A comparative analysis of Denosumab (DMAB) and Zoledronic Acid (ZA) was conducted in a real-world cohort of 
864 patients with hormone receptor-positive, human epidermal growth factor receptor 2-negative advanced 
breast cancer with bone metastases, who were undergoing CDK4/6 inhibitors plus endocrine therapy. We 
evaluated the time to first skeletal-related events (SREs), progression-free survival (PFS), and overall survival 
(OS). To adjust for confounding variables, we utilized propensity score matching (PSM) and inverse probability 
of treatment weighting (IPTW) methodologies. In the unadjusted cohort, ZA was associated with a longer time to 
first SRE compared to DMAB (HR = 0.77, 95 % CI: 0.61–0.98, p = 0.031). Similar results were obtained in both 
the PSM (HR = 0.69, 95 % CI: 0.52–0.92, p = 0.011) and IPTW cohorts (HR = 0.74, 95 % CI: 0.63–0.87, p <
0.001), with ZA-treated patients showing an extended time to first SRE compared to those treated with DMAB. 
No differences in PFS and OS were observed between the two cohorts.

1. Introduction

Breast cancer (BC) is a major health concern worldwide, being the 
most common cancer among women and a leading cause of cancer- 
related deaths [1]. One of the most challenging aspects of managing 
advanced BC (aBC) is the high incidence of bone metastases [2]. These 
metastases are not only common but also significantly debilitating, 
leading to skeletal-related events (SREs) such as pathologic fractures, 
spinal cord compression, radiation or surgery to bone, and hypercalce
mia of malignancy. These complications drastically reduce the quality of 
life for patients and increase healthcare costs [3].

Two primary therapies used to manage and prevent SREs in aBC 
patients with bone metastases are Zoledronic acid (ZA) and Denosumab 
(DMAB) [4]. Both drugs work by inhibiting osteoclast-mediated bone 
resorption but through different mechanisms [5]. ZA is a 
third-generation bisphosphonate that integrates into the bone matrix 
and has a long half-life. It is administered intravenously and works by 
inhibiting osteoclast activity, thereby reducing the risk of fractures, 
spinal cord compression, and the need for bone radiation or surgery [6,
7]. ZA also exhibits antitumor properties by inducing apoptosis in cancer 
cells, inhibiting angiogenesis, and preventing tumor cell adhesion to the 
bone matrix [8]. DMAB is a monoclonal antibody that targets RANKL, a 
key molecule involved in osteoclast formation and function [9]. DMAB 
is administered subcutaneously and acts more rapidly than ZA. It can be 
cleared from the circulation without being retained in the bone, which 
has implications for patient management, particularly in terms of renal 
function and the risk of osteonecrosis of the jaw (ONJ) [9]. While ZA is 
associated with renal toxicity and requires monitoring of kidney func
tion, DMAB has a higher risk of hypocalcemia and ONJ, necessitating 
careful patient selection and monitoring [5].

The treatment landscape for HR+/HER2-aBC has been revolution
ized by the introduction of cyclin-dependent kinases (CDK) 4/6 in
hibitors (CDK4/6i) in combination with standard endocrine therapy 
(ET). These therapies have significantly improved progression-free sur
vival (PFS) and overall survival (OS) in patients, including those with 
bone metastases [10–17]. CDK4/6 inhibitors work by slowing down 
tumor progression and enhancing tumor responses in the bone. How
ever, they also prolong patient exposure to metastatic disease processes, 
which raises the question of how ZA and DMAB might differently affect 
the risk of SREs and disease progression in this context.

Despite the known benefits of ZA and DMAB, there is a lack of 
comprehensive data comparing their effects specifically in aBC patients 

treated with CDK4/6i plus ET. Prospective randomized registration tri
als have demonstrated that DMAB is more effective than ZA in delaying 
or preventing SREs in patients with bone metastatic BC who are treated 
with chemotherapy or ET [18–20]. Specifically, the Phase III study by 
Stopeck et al. demonstrated a statistically significant improvement in 
SRE control with DMAB over ZA [18]. However, the clinical significance 
of this difference can be questioned, as the absolute reduction in SREs is 
modest. Additionally, it is important to note that studies, including 
Stopeck et al., have not shown that bone-modifying agents (BMA) 
impact OS.

Since CDK4/6i have shown significant efficacy in improving survival 
endpoints, their combination with BMAs could potentially enhance 
these benefits by better controlling bone metastases and reducing SREs, 
thereby improving overall patient outcomes. This study aims to fill this 
knowledge gap by retrospectively analyzing the comparative effects of 
ZA and DMAB on SREs and disease progression in a cohort of BC patients 
with bone metastases receiving CDK4/6i plus ET. By understanding the 
differential impacts of these bone-modifying agents in the context of 
CDK4/6 inhibition, the research seeks to provide insights that could lead 
to better clinical decision-making and improved outcomes for patients 
with advanced BC.

2. Results

2.1. Patient characteristics

We enrolled 864 HR+/HER2-aBC patients with bone metastases, and 
treated with ET plus CDK4/6i, as first- or second-line of therapy. 618 
patients (71.53 %) received DMAB and 246 (28.47 %) were treated with 
ZA. When compared to patients treated with DMAB, patients receiving 
ZA were more likely to have poorer ECOG PS (1 vs. 0), to receive CDK4/ 
6i as a second line of therapy, to have endocrine-resistant disease and to 
receive fulvestrant as an ET (Table 1). On the other hand, patients 
receiving DMAB were more likely to have bone-only disease (Table 1). 
Finally, there were no significant imbalances, in terms of the specific 
CDK4/6i received, between patients treated with ZA or DMAB. 
Following propensity score matching (PSM), these baseline differences 
were mitigated, finally resulting in successfully matched cohorts 
(Table 2). Similarly, after inverse probability of treatment weighting 
(IPTW) adjustment, the distributions of clinic-pathological characteris
tics were balanced between the DMAB and ZA arms (Table 3).

2.2. Clinical outcomes of patients receiving ZA or DMAB

Median patient follow-up was 54.6 months (95 % CI: 50.0–64.0); 1 These authors share first authorship.
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median of the CDK4/6i and BMA treatment was 39.0 months (95 % CI: 
37.0–42.0). Patient outcomes were evaluated across these three cohorts 
- referred to as “unadjusted,” “PSM,” and “IPTW” - in terms of time to 
first SRE, PFS and OS.

In the “unadjusted” cohort, ZA is associated with significantly longer 
time to the occurrence of the first SRE (median 49.0 months; 95 % CI: 
43.0–57.0) when compared to DMAB (median 42 months; 95 % CI: 
37.0–47.0) (HR = 0.77, 95 % CI: 0.61–0.98, p = 0.031) (Fig. 1A).

In Cox Regression multivariate models we adjusted the association 
between ZA or DMAB with the risk of undergoing SREs for ECOG PS and 
tumor histology, the only variables significantly associated with time to 
first SRE at univariate analysis (Supplementary Table). These analyses 
confirmed a lower risk for time to first SRE in patients receiving ZA 
compared to those treated with DMAB (HR = 0.76, 95 % CI: 0.60–0.97, 
p = 0.024) (Fig. 1B).

In the “PSM” cohort, patients treated with ZA exhibited an increased 
time to first SRE (median 49.0 months; 95 % CI: 43.0–60.0) compared to 
the DMAB group (median 38 months; 95 % CI: 33.0–48.0) (HR = 0.69, 
95 % CI: 0.52–0.92, p = 0.011) (Fig. 2A). The “IPTW” cohort confirmed 
these findings, showing that patients treated with ZA experienced a 
longer time to first SRE (median 49.0 months; 95 % CI: 46.9–52.0) when 
compared to patients treated with DMAB (median 40.0 months; 95 % CI: 
36.9–45.4) (HR = 0.74, 95 % CI: 0.63–0.87, p < 0.001) (Fig. 2B).

No difference in SRE type was detected across the three cohort 
(Fig. 3).

We found no significant PFS or OS differences between patients 
treated with ZA or DMAB (Figs. 4–5).

3. Discussion

The management of bone metastases in BC patients is a critical aspect 
of oncology care, and it primarily aims at mitigating the potentially 
debilitating consequences of SREs. We conducted the most extensive 
Italian retrospective study to date, providing valuable insights into the 

comparative effectiveness of ZA and DMAB in combination with ET plus 
CDK4/6i, which represents the standard-of care therapy for patients 
with HR+/HER2-aBC. By assessing the role of BMA in a real-world 
population, we demonstrated the superiority of ZA over DMAB in 
delaying time to first SRE. Interestingly, PFS and OS were comparable 
between in the ZA and DMAB cohorts, which suggests that delaying the 
onset of SREs does not translate into a survival benefit in this clinical 
context. The use of PSM and IPTW methodologies allowed for a robust 
comparison by balancing clinic-pathological characteristics between the 
treatment groups, thereby enhancing the validity of our results.

This observation runs counter to all pivotal randomised phase III 
trials conducted in patients with aBC, in which DMAB consistently 
outperformed ZA [18–20]. Moreover, DMAB reduced the risk of both 
first and subsequent SREs in other tumour types. In the 
castration-resistant setting with established bone metastases, the pivotal 
randomised trial led by Fizazi, DMAB prolonged the median time to first 
SRE from 17.1 to 20.7 months, representing a relative risk reduction of 
approximately 18 % [21]. DMAB superiority has also been reported in 
subsequent meta-analyses, which show a pooled hazard ratio of 0.86 for 
DMAB versus ZA in delaying the first SRE [22]. Additional evidence 
confirmed the non-inferiority of DMAB in advanced cancers (excluding 
breast and prostate cancer) and multiple myeloma [23].

Unlike these trials, our study included patients receiving CDK4/6i 
plus ET that could influence the efficacy of BMAs in delaying the time to 
first SRE. Previous evidences showed that CDK4/6i induce cell cycle 
arrest, and they can affect the differentiation of non-tumor cells, such as 
osteoclasts [24–28]. Preclinical data from our group showed that 
CDK4/6i inhibit osteoclast differentiation and the expression of bone 
resorption markers, supporting the notion that cell cycle progression is 
crucial for osteoclast precursor differentiation [28].

The observed superiority of ZA over DMAB in preventing SREs may 
depend on the different mechanism through which these drugs act on 
bone metastases. ZA, a nitrogen-containing bisphosphonate, concen
trates within mineralised bone and induces osteoclast apoptosis through 

Table 1 
Clinic-pathological features of the “unadjusted” cohort.

Characteristics Denosumab Zoledronic Acid p value SMD

n ​ 618 246 ​ ​
Premenopausal State No 460 (74.4 %) 194 (78.9 %) 0.2 0.105

Yes 158 (25.6 %) 52 (21.1 %) ​ ​
Age (mean ± SD) ​ 60.1 ± 12.7 61.0 ± 12.0 0.328 0.073
PS 0 556 (90.0 %) 201 (81.7 %) 0.001 0.239

1 62 (10.0 %) 45 (18.3 %) ​ ​
Histology Ductal 443 (71.7 %) 165 (67.1 %) 0.405 0.101

Lobular 133 (21.5 %) 61 (24.8 %) ​ ​
Other 42 (6.8 %) 20 (8.1 %) ​ ​

Ki67 (mean ± SD) ​ 23.5 ± 14.8 21.4 ± 15.0 0.079 0.139
Grading G1-G2 294 (64.5 %) 131 (66.8 %) 0.623 0.05

G3 162 (35.5 %) 65 (33.2 %) ​ ​
Estrogen Receptor (mean ± SD) ​ 86.7 ± 15.2 86.8 ± 14.7 0.926 0.007
Progesterone Receptor (mean ± SD) ​ 46.4 ± 36.6 48.0 ± 36.2 0.575 0.046
Metastatic at Diagnosis No 353 (57.2 %) 134 (54.5 %) 0.511 0.055

Yes 264 (42.8 %) 112 (45.5 %) ​ ​
Adjuvant Chemotherapy No 364 (60.0 %) 153 (63.0 %) 0.465 0.062

Yes 243 (40.0 %) 90 (37.0 %) ​ ​
Adjuvant Endocrine Therapy No 227 (39.4 %) 93 (40.6 %) 0.815 0.025

Yes 349 (60.6 %) 136 (59.4 %) ​ ​
Months of Adjuvant Endocrine Therapy (mean ± SD) ​ 46.6 ± 30.1 41.6 ± 30.8 0.092 0.166
Bone-only disease No 305 (49.4 %) 84 (34.1 %) <0.001 0.312

Yes 313 (50.6 %) 162 (65.9 %) ​ ​
CDK4/6 Inhibitor Abemaciclib 86 (13.9 %) 37 (15.0 %) 0.096 0.166

Palbociclib 338 (54.7 %) 150 (61.0 %) ​ ​
Ribociclib 194 (31.4 %) 59 (24.0 %) ​ ​

Line of Treatment First 507 (84.4 %) 171 (70.1 %) <0.001 0.345
Second 94 (15.6 %) 73 (29.9 %) ​ ​

Setting Endocrine Resistant 245 (39.6 %) 121 (49.2 %) 0.013 0.193
Endocrine Sensitive 373 (60.4 %) 125 (50.8 %) ​ ​

Endocrine Therapy Aromatase Inhibitor 397 (64.2 %) 138 (56.1 %) 0.032 0.167
Fulvestrant 221 (35.8 %) 108 (43.9 %) ​ ​
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mevalonate-pathway blockade. Beyond its anti-resorptive activity, ZA 
accumulates isopentenyl-pyrophosphate in tumour cells, thereby acti
vating γδ T lymphocytes and other innate-immune effectors, and mod
ulates angiogenic cytokines in the bone microenvironment [29]. 
CDK4/6 inhibition may therefore create a milieu in which ZA’s immu
nomodulatory and anti-tumour properties add to, rather than merely 
duplicate, osteoclast suppression—whereas denosumab, a pure 
RANK-ligand inhibitor without direct tumour or immune effects, confers 
no such extra advantage. The selective benefit of adjuvant bisphospho
nates, but not adjuvant DMAB, in improving the outcome in early breast 
cancer [30] supports the notion that ZA’s pleiotropic mechanism can 
translate into clinical benefit when osteoclast activity is already partially 
dampened by other therapies.

However, the precise mechanisms responsible for the apparent syn
ergy between CDK4/6i and ZA remain unclear, and dedicated mecha
nistic studies are still required.

The results of your study align with the previous studies that re
ported no significant differences in PFS and OS between the DMAB and 
ZA groups. This consistency suggests that while there may be differences 
in time to first SRE, survival outcomes remain similar.

While our findings are significant, it is important to recognize few 
limitations. The retrospective design may introduce biases inherent to 
observational studies. In addition, variability in the duration of exposure 
to BMAs could affect the comparative effectiveness of ZA and DMAB; the 
exact time on treatment for each agent was not captured, precluding 
exposure–response analyses. Nevertheless, per inclusion criteria, BMA 
therapy was continued in every patient until CDK4/6i discontinuation, 
ensuring a consistent treatment window across the cohort. Moreover, we 
did not collect data concerning adverse events associated with each 
treatment, including ONJ, because it was beyond the prespecified 
objectives.

In conclusion, our study provides valuable evidence supporting the 
superiority of ZA over DMAB HR+.HER2-aBC patients treated with ET 
plus CDK4/6i. This suggests that ZA may be more effective in delaying 

bone complications in this specific patient population. Additionally, the 
inclusion of CDK4/6i in the treatment regimen appears to influence the 
efficacy of BMAs. This highlights the potential synergistic effects of 
combining ZA with CDK4/6i, which could lead to better management of 
bone health in patients with bone metastases. However, future research 
should delve deeper into the mechanisms by which ZA and DMAB 
interact with CDK4/6 inhibitors and their long-term effects on patient 
survival and quality of life.

4. Methods

4.1. Study design

We conducted a retrospective analysis of data from 864 patients with 
HR+/HER2-aBC who were treated with CDK4/6 inhibitors (CDK4/6i) 
plus endocrine therapy (ET), either as first or second-line treatment, in 
combination with ZA or DMAB. Eligible patients had bone metastases at 
the diagnosis of advanced disease, an Eastern Cooperative Oncology 
Group (ECOG) Performance Status (PS) of 0 or 1, and a minimum follow- 
up duration of 12 months. We included both primary and secondary 
endocrine-resistant patients, defined as follows: Primary endocrine 
resistance is characterized by relapse within 2 years of adjuvant endo
crine treatment or disease progression during the first 6 months of first- 
line endocrine therapy for aBC. Secondary resistance in early BC is 
defined as a relapse occurring after at least 2 years of endocrine therapy 
and during or within the first year of completing adjuvant endocrine 
therapy. In aBC, secondary resistance is defined as disease progression 
after more than 6 months of endocrine therapy.

Data collection spanned from January 2019 to December 2023. 
Ethical approval was granted by ethics committee of the coordination 
center, Fondazione Policlinico Universitario Campus Bio-Medico (PAR 
30.22 OSS). Study was conducted in accordance with the Declaration of 
Helsinki. Informed consent was obtained only from patients who were 
alive at the time of the analysis. The collection of data from deceased 

Table 2 
Clinic-pathological features of the “PSM” cohort.

Characteristics Denosumab Zoledronic Acid p value SMD

n ​ 226 226 ​ ​
Premenopausal State No 179 (79.2 %) 180 (79.6 %) 1 0.011

Yes 47 (20.8 %) 46 (20.4 %) ​ ​
Age (mean ± SD) ​ 62.4 ± 12.1 61.5 ± 11.7 0.41 0.078
PS 0 189 (83.6 %) 187 (82.7 %) 0.9 0.024

1 37 (16.4 %) 39 (17.3 %) ​ ​
Histology Ductal 158 (69.9 %) 150 (66.4 %) 0.71 0.078

Lobular 51 (22.6 %) 58 (25.7 %) ​ ​
Other 17 (7.5 %) 18 (8.0 %) ​ ​

Ki67 (mean ± SD) ​ 21.5 ± 14.1 21.7 ± 14.9 0.895 0.013
Grading G1-G2 99 (62.3 %) 122 (66.7 %) 0.462 0.092

G3 60 (37.7 %) 61 (33.3 %) ​ ​
Estrogen Receptor (mean ± SD) ​ 85.2 ± 16.1 86.7 ± 14.9 0.313 0.101
Progesterone Receptor (mean ± SD) ​ 45.7 ± 38.2 48.6 ± 36.0 0.438 0.078
Metastatic at Diagnosis No 135 (59.7 %) 120 (53.1 %) 0.184 0.134

Yes 91 (40.3 %) 106 (46.9 %) ​ ​
Adjuvant Chemotherapy No 148 (65.5 %) 144 (63.7 %) 0.768 0.037

Yes 78 (34.5 %) 82 (36.3 %) ​ ​
Adjuvant Endocrine Therapy No 87 (38.5 %) 91 (40.3 %) 0.773 0.036

Yes 139 (61.5 %) 135 (59.7 %) ​ ​
Months of Adjuvant Endocrine Therapy (mean ± SD) ​ 47.6 ± 26.2 41.8 ± 31.2 0.099 0.202
BoneOnly No 92 (40.7 %) 76 (33.6 %) 0.144 0.147

Yes 134 (59.3 %) 150 (66.4 %) ​ ​
CDK4/6 Inhibitor Abemaciclib 29 (12.8 %) 31 (13.7 %) 0.791 0.064

Palbociclib 145 (64.2 %) 138 (61.1 %) ​ ​
Ribociclib 52 (23.0 %) 57 (25.2 %) ​ ​

Line of Treatment First 154 (68.1 %) 159 (70.4 %) 0.683 0.048
Second 72 (31.9 %) 67 (29.6 %) ​ ​

Setting Endocrine Resistant 118 (52.2 %) 111 (49.1 %) 0.572 0.062
Endocrine Sensitive 108 (47.8 %) 115 (50.9 %) ​ ​

Endocrine Therapy Aromatase Inhibitor 134 (59.3 %) 128 (56.6 %) 0.634 0.054
Fulvestrant 92 (40.7 %) 98 (43.4 %) ​ ​
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patients was authorized by the Data Protection Officer of the respective 
centers.

The study population was identified through a review of medical 
records at the participating centers. Eligible patients had HR-positive/ 
HER2-negative advanced breast cancer with bone metastases and 
received endocrine therapy plus a CDK4/6i together with either monthly 
ZA or monthly DMAB. Patients qualified only if the BMA was started 
concomitantly with the CDK4/6i or, at the latest, within three months of 
CDK4/6i initiation. Participants who switched from one BMA to 
another, delayed BMA administration for more than three months at any 
time during follow-up, began their BMA more than three months after 
starting the CDK4/6i, or discontinued the BMA before stopping CDK4/6i 
therapy were excluded.

SREs were identified through a comprehensive review of patient 
medical records, imaging studies, and clinical reports. These included 
both symptomatic events and incidentally found radiographic events. 
Symptomatic SREs were defined as those events that presented with 
clinical symptoms such as pathological fractures, spinal cord compres
sion, radiation or surgery to bone, and hypercalcemia of malignancy. 
Incidentally found radiographic SREs were identified through routine 
imaging studies, such as X-rays, CT scans, or MRIs, which were per
formed as part of the standard follow-up protocol for patients with bone 
metastases.

4.2. Statistical analysis

The primary endpoint of the study was to compare the time to first 
SRE in patients treated with ZA or DMAB. Time to first SRE was defined 
as the interval between the initiation of treatment to the occurrence of 
the first SRE, which encompassed pathological fractures, bone radio
therapy, spinal cord compression, and bone surgery. Secondary objec
tives included the assessment of progression-free survival (PFS) and 
overall survival (OS).

To mitigate confounding effects and imbalanced clinicopathological 

characteristics in patients treated with ZA or DMAB, we used propensity 
score matching (PSM) and the inverse probability of treatment weight
ing (IPTW) method. The PSM score was derived from logistic regression, 
with the BMA as the dependent variable and baseline variables as 
covariates. A 1:1 nearest neighbor matching with a caliper of 0.1 was 
implemented to establish matched cohorts. IPTW methods assigned 
weights to patients, forming pseudo-populations where treatment allo
cation was independent of covariates. The probabilities of receiving a 
specific BMA were calculated using a logistic regression model, with 
BMA treatment as the outcome and baseline clinical characteristics as 
covariates. Individual weights were computed based on the inverse 
probabilities of receiving the assigned treatment.

Baseline patient characteristics were compared using the chi-square 
(χ2) and Fisher’s exact tests for categorical variables, and the t-test for 
continuous variables. The nonparametric Mann–Whitney U test was 
employed when the normality assumption was violated. The median 
follow-up time was estimated using the reverse Kaplan–Meier method.

To evaluate the influence of covariates on survival endpoints, we 
fitted unweighted (univariate) and weighted (multivariable) Cox pro
portional hazards regression models. Hazard ratios (HRs) and their 95 % 
confidence intervals (95 % CIs) were calculated to assess the propor
tional hazards assumption in the final Cox models. The dataset con
tained no missing values. A p-value of 0.05 or lower was deemed 
statistically significant. PSM and IPTW analyses were conducted using 
the RStudio Addins and Shiny Modules for Medical Research package, as 
well as the Jamovi software suite, version 1.6 [31,32].
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