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Abstract

Background: The introduction of CDK4/6 inhibitors (CDK4/6i) has improved outcomes in hormone receptor-positive (HR
+)/HER2-negative metastatic breast cancer (mBC), including in patients with bone metastases. Assessing their compara-
tive effectiveness in real-world settings is crucial.

Methods: This retrospective, multicenter cohort study (January 2019-December 2023; median follow-up 39 months) evalu-
ated the real-world progression-free survival (rwPFS) of abemaciclib, ribociclib, and palbociclib combined with endocrine
therapy (ET) in HR+/HER2- mBC patients with bone metastases. Overall survival (OS) was a secondary exploratory end-
point. A total of 1399 patients with ECOG PS 0-1 and at least 12 months of follow-up were included. Analyses used propen-
sity score matching (PSM) and inverse probability of treatment weighting (IPTW) to adjust for confounding.

Results: Palbociclib showed shorter rwPFS (22 months) compared to abemaciclib (32 months; HR=1.47, p=0.001) and
ribociclib (35 months; HR=1.49, p < 0.001). No significant difference was observed between abemaciclib and ribociclib. 0S
was also lower with palbociclib (47 months) versus abemaciclib (60 months; HR=1.77, p <0.001) and ribociclib
(64 months; HR=1.69, p=0.001). Results were consistent after PSM and IPTW adjustment.

CONCLUSION: Ribociclib and abemaciclib may provide superior rwPFS and OS compared to palbociclib in HR+/HER2- mBC
patients with bone metastases.

Key words: breast cancer; bone metastases; CDK4/6 inhibitors

Implications for Practice

The findings of this retrospective real-world study suggest that ribociclib and abemaciclib may be associated with longer pro-
gression-free survival and overall survival compared to palbociclib in patients with hormone receptor-positive, HER2-negative
metastatic breast cancer with bone metastases. However, given the retrospective nature of the analysis and the potential for
unmeasured confounding factors, these results should be interpreted with caution. These data can contribute to informed dis-
cussions between clinicians and patients when considering treatment options in everyday clinical practice

Introduction

Breast cancer (BC) is the most prevalent malignancy worldwide
and remains the leading cause of cancer-related deaths among
women.! Hormone receptor positive 2(HR+)/human epidermal
growth factor receptor 2-negative (HER2-) BC, identified by posi-
tive immunohistochemical staining for the estrogen receptor
(ER) and/or the progesterone receptor (PR), is the most diag-
nosed subtype.” Significant advancements have been achieved
in the treatment of HR+/Her2- metastatic BC (mBC) with the

introduction of cyclin-dependent kinases4/6 inhibitors (CDK4/
6i).> These inhibitors work by targeting the cyclin D1-CDK4/6 ho-
loenzyme, preventing the phosphorylation of the retinoblas-
toma protein. This effectively halts cell cycle progression at the
G1 to S phase transition, impeding cancer cell proliferation.*”
Additionally, blocking estrogen signaling pathways has been
shown to reduce the activation of CDK4 and CDK6, reinforcing
the effects of these inhibitors in controlling tumor growth.®
Currently, three CDK4/6i—abemaciclib, ribociclib, and palboci-
clib—have been approved by both the European Medicines Agency

920z 1snbny g uo Josn ajeeyey ues [endsoH Aq 720/598/9% | 62A0/G/| €/8]01118/0]0oU0/W 0o dNo™OILSPEIE. WO} POPEOJUMO(]


mailto:s.simonetti@policlinicocampus.it

The Oncologist, 2026, Vol. 31, Issue 5

and the U.S. Food and Drug Administration for the treatment of
mBC in combination with aromatase inhibitors (Ais) and fulves-
trant. While all three drugs show similar benefits in terms of
progression-free survival (PFS), ribociclib has the strongest evi-
dence of overall survival (OS) benefit.°1® The choice between these
drugs is often guided by patient characteristics, side effect profiles,
potential drug interactions, and the physician’s clinical experience.

Bone is the most frequent site for distant recurrence, occur-
ring in around 40% of cases, and up to 80% of patients with
mBC will develop bone metastases throughout their disease.’”
Bone metastases can lead to skeletal-related events (SREs), which
further impact quality of life and worsen the overall outcome.™
Subgroup analyses from pivotal trials, as well as meta-analyses,
have shown the efficacy and safety of CDK4/6i even in patients
with bone metastases.” '

However, there is a lack of real-world evidence comparing the
efficacy of these inhibitors specifically in patients with bone metas-
tases. Our previous pre-clinical study revealed different effective-
ness of palbociclib, abemaciclib, and ribociclib on the tumor bone
microenvironment.?® This study aims to compare the real-world
outcomes of abemaciclib, ribociclib, and palbociclib in HR+/HER2-
mBC patients with bone metastases. By addressing the gaps in
evidence from clinical trials and providing new insights from real-
world data, this research seeks to optimize treatment strategies
and improve patient outcomes in this specific population.

Methods
Study design

We retrospectively collected data from patients with HR+/HER2-
mBC treated with CDK4/6i plus ET, as first or second line of
treatment. Patients enrolled in the study had bone metastases
at the time of metastatic disease diagnosis, an Eastern
Cooperative Oncology Group performance status (ECOG PS) of 0
or 1, and a minimum follow-up period of 12 months. HER2-low
patients were defined as those with an immunohistochemistry
(IHC) score of 1+ or an IHC score of 2+ with a negative fluores-
cence in situ hybridization (FISH) result. Both endocrine-
sensitive and endocrine-resistant patients were included.
Definitions of endocrine- sensitivity and endocrine- resistance
were as per the 4th ESO-ESMO International Consensus
Guidelines for Advanced BC.*

Data collection spanned from January 2019 to December
2023. Ethical approval was granted by the ethics committee of
the coordination center, Fondazione Policlinico Universitario
Campus Bio-Medico (PAR 30.22 0SS). The study was conducted
in accordance with the Declaration of Helsinki. Informed con-
sent was obtained only from patients who were alive at the time
of the analysis. The collection of data from deceased patients
was authorized by the Data Protection Officer of the respective
centers. The study population was identified through a review of
medical records from the participating institutions.

Statistical analysis

Given the retrospective observational design, sample size was
determined by data availability and all eligible patients were

included. In time-to-event analyses, statistical precision is pri-
marily driven by the number of observed events; therefore, we
evaluated the expected precision using an event-driven, post
hoc assessment based on Schoenfeld’s approximation.
Assuming a clinically meaningful effect size (hazard ratio=1.4)
and accounting for the three primary pairwise comparisons
(Bonferroni-adjusted two-sided «=0.0167), the observed rwPFS
event counts were consistent with approximately >80% power
for comparisons involving palbociclib, whereas power for the
ribociclib vs abemaciclib comparison was lower due to the
smaller abemaciclib group. For OS, event counts were lower and
statistical power was correspondingly reduced; OS and sub-
group analyses were therefore interpreted cautiously, reported
with 95% confidence intervals, and considered exploratory.

To mitigate confounding effects and imbalanced clinicopath-
ological characteristics among patients, we used propensity
score matching (PSM) and the inverse probability of treatment
weighting (IPTW) method. The PSM score was derived from lo-
gistic regression, with the CDK4/6i 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. This caliper width is based on standard practi-
ces in statistical analysis, ensuring a balance between achieving
a good match and retaining enough matched pairs for analysis.

IPTW methods assigned weights to patients, forming pseudo-
populations where treatment allocation was independent of
covariates. The probabilities of receiving a specific CDK4/6i were
calculated using a logistic regression model, with CDK4/6i treat-
ment as the outcome and baseline clinical characteristics as
covariates. Individual weights were computed based on the in-
verse probabilities of receiving the assigned treatment.

Baseline patient characteristics were compared using the chi-
square (%) 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.

Time-to-event outcomes (rwPFS and OS) were assessed using
Kaplan-Meier estimates with log-rank tests and Cox propor-
tional hazards models. Survival curves were generated using the
Kaplan-Meier method and compared via the log-rank test for
univariate analysis. Univariate Hazard Ratios (HRs) were com-
puted using the log-rank method. A multivariable Cox regression
model was employed to calculate HRs and 95% confidence
intervals (Cls) for rwPFS and OS.

For the three pre-specified primary pairwise comparisons, we
controlled multiplicity using Bonferroni correction (two-sided
a=0.0167). Subgroup and sensitivity analyses were exploratory
and intended to assess consistency; thus, nominal p-values and
95% Cls are reported without formal multiplicity adjustment.

PSM, IPTW and Cox regression analysis were performed con-
sidering the following clinical variables: age, performance sta-
tus, histology, Ki67 proliferative index, grading, ER expression,
PR expression, HER2 status, neoadjuvant or adjuvant chemo-
therapy, adjuvant endocrine therapy, bone-only disease, num-
ber of bone metastases, visceral metastasis, endocrine
sensitivity and endocrine therapy.

Sensitivity analysis was performed to ensure the robustness of
our findings. We conducted Cox regression analyses for rwPFS and
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0S, both univariate and multivariate, by iteratively excluding
patients from each enrolling institution. This approach allowed us
to evaluate the impact of each center on the overall results.

To further assess the robustness of our findings against
unmeasured confounding, we calculated the E-value for the ob-
served HRs and their confidence intervals. The E-value quanti-
fies the minimum strength of association that an unmeasured
confounder would need to have with both the treatment and
the outcome to explain away the observed association.?

Additional sensitivity analyses were conducted to address po-
tential confounding by treatment line and calendar time.
Specifically, rwPFS and OS analyses were repeated restricting
the cohort to first-line CDK4/6i initiation only and, separately, to
patients who initiated CDK4/6i therapy from 2020 onward. Cox
models were also refit with adjustment for year of treatment ini-
tiation and treatment line where applicable.

Variables demonstrating statistical significance at a p value of
less than 0.05 were included. PSM and IPTW analyses were con-
ducted using the RStudio Addins and Shiny Modules for Medical

Research package, as well as the Jamovi software suite, version
1.6 23-24

Results

Patient characteristics

We enrolled 1399 HR+/HER2- patients with mBC and bone me-
tastases treated with ET plus CDK4/6i as first- or second-line of
therapy. All patients had bone metastases at diagnosis of meta-
static disease. Of these, 786 patients (56%) received palbociclib,
394 (28%) received ribociclib, and 219 (16%) were treated with
abemaciclib. All patients’ clinical features are shown in Table 1.
The variables Ki-67, ER, PR, and the number of bone metastases
were dichotomized into high and low categories based on their
median values: Ki67 proliferative index (median 21%, inter quar-
tile range [IQR] 15-30), ER (median 90%, IQR 84-95), PR (median
50%, IQR 15-80) and number of bone metastases (median 5, IQR
3-10). HER2 status was dichotomized into 0 and low (with “low”
including HER2 status 1 and 2).

Patients treated with palbociclib had poorer ECOG PS (1 vs 0),
higher ER expression, and visceral metastases at diagnosis; they
were more likely to have received neoadjuvant or adjuvant chemo-
therapy and adjuvant ET, and to have endocrine-resistant disease,
compared with patients receiving ribociclib (Supplementary Table
1, available as supplementary data at The Oncologist online).
Conversely, patients treated with ribociclib were younger, more
likely to be pre-menopausal, and to have bone-only disease com-
pared to those treated with palbociclib (Supplementary Table 1,
available as supplementary data at The Oncologist online).
Moreover, patients receiving abemaciclib were more likely to ex-
hibit higher ER expression, endocrine-resistant disease, to have re-
ceived neoadjuvant or adjuvant chemotherapy and adjuvant ET,
and to have a lower number of bone metastases compared to
patients receiving ribociclib (Supplementary Table 2, available as
supplementary data at The Oncologist online). Finally, a higher per-
centage of patients treated with palbociclib received adjuvant ET
compared with those treated with abemaciclib (Supplementary
Table 3, available as supplementary data at The Oncologist online).

Table 1 Clinic-pathological features.

Characteristic N=1399
PremenopausalState

No 1100 (79%)
Yes 299 (21%)
Age

<65 815 (58%)
>/=65 584 (42%)
PerformanceStatus

ECOG 0 1195 (85%)
ECOG 1 204 (15%)
Histology

Ductal 1011 (72%)
Lobular 304 (22%)
Other 84 (6%)
Ki67

Median 21 (15 - 30)
Grading

G1/G2 951 (68%)
G3 448 (32%)
ER

Median 90 (84 -95)
PR

Median 50 (15-80)
HER2

0 897 (64%)
1 332 (24%)
2 170 (12%)
Neo or Adjuvant Chemotherapy

No 758 (54%)
Yes 641 (46%)
Adjuvant Endocrine Therapy

No 493 (35%)
Yes 906 (65%)
Bone-only Disease

No 707 (51%)
Yes 692 (49%)
Bone Metastasis Number

Median 5(3-10)
Visceral Metastasis

No 761 (54%)
Yes 638 (46%)
Setting

Endocrine Resistant
Endocrine Sensitive
Endocrine Therapy

Aromatase Inhibitor

599 (43%)
800 (57%)

942 (67%)

Fulvestrant 457 (33%)
CDK4/6 Inhibitor

Abemaciclib 219 (16%)
Palbociclib 786 (56%)
Ribociclib 394 (28%)

Following propensity score matching (PSM), these baseline
differences were mitigated, resulting in successfully matched
cohorts (Supplementary Tables 4-6, available as supplementary
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data at The Oncologist online). Similarly, after inverse probabil-
ity of treatment weighting (IPTW) adjustment, the distributions
of clinicopathological characteristics were balanced between
the CDK4/6i groups (Supplementary Tables 7-9, available as
supplementary data at The Oncologist online).

rwPFS: “unadjusted” cohort

For the three primary pairwise comparisons, statistical signifi-
cance was assessed using Bonferroni-adjusted p-values (two-
sided a=0.0167); other analyses were exploratory.

The median follow-up duration for patients was 39 months
(95% Cl: 37-40); the median follow-up periods for patients
treated with ribociclib, abemaciclib and palbociclib were
34months (95% Cl: 32-39), 28 months (95% Cl: 26-31) and
41 months (95% Cl: 40-43), respectively. The global median
rwPFS was 27.0 months (95% CI: 25.0-30.0). Palbociclib was as-
sociated with a shorter rwPFS (median 22 months; 95% CI: 21-
25) compared to abemaciclib (median 32 months; 95% Cl: 28—
36) (HR=1.47, 95% CI: 1.18-1.82, Bonferroni-adjusted p=0.006)
(Figure 1A—left panel). Exploratory subgroup analyses showed
broadly consistent trends, with palbociclib being generally asso-
ciated with shorter rwPFS compared with abemaciclib; however,
estimates were less precise and did not show clear differences
in some strata (including ECOG PS 1, lobular histology, low ER
expression, and bone-only disease) (Supplementary Figure 1,
available as supplementary data at The Oncologist online).
Similarly, patients treated with palbociclib had a lower rwPFS
compared to those receiving ribociclib (median 35 months; 95%
Cl: 32-39) (HR=1.49, 95% Cl: 1.26-1.75, Bonferroni-adjusted
p=0.017) (Figure 1A, central panel).

In exploratory subgroup analyses, the palbociclib-ribociclib com-
parison showed broadly consistent trends across most subgroups,
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with inconclusive results in some strata (e.g., ECOG PS 1) likely due
to limited sample size and fewer events (Supplementary Figure 2,
available as supplementary data at The Oncologist online). No signifi-
cant differences were observed between abemaciclib and ribociclib
in all subgroups (Bonferroni-adjusted p=1.000) (Figure 1A—right
panel; Supplementary Figure 3, available as supplementary data at
The Oncologist online).

Multivariate Cox regression analysis showed that patients
treated with palbociclib had worse rwPFS compared to those
treated with abemaciclib (HR=1.41, 95% Cl: 1.13-1.75,
p=0.002). Additionally, palbociclib was associated with lower
rwPFS compared to ribociclib (HR=1.28, 95% Cl: 1.07-1.31,
p=0.005), independent of clinicopathological features (Table 2;
Figure 1B). No significant differences were observed between
abemaciclib and ribociclib (p =0.453). This analysis also revealed
that an ECOG PS of 1 and a higher number of bone metastases
were independently associated with shorter rwPFS, whereas
bone-only disease was correlated with a longer rwPFS (Table 2).
Additionally, an endocrine-resistant setting and low PR expres-
sion were associated with a lower rwPFS. (Table 2).

rwPFS: “adjusted” cohorts

In the “PSM” cohort, patients treated with palbociclib exhibited
a shorter rwPFS (median 23 months; 95% Cl: 17-28) compared
to those receiving abemaciclib (median 30 months; 95% Cl: 28-
36) (HR=1.43, 95% Cl: 1.10-1.86, p=0.007) (Figure 2A—left
panel). Similarly, patients treated with palbociclib experienced a
lower rwPFS (median 25 months; 95% CI: 22-29) compared to
ribociclib (median 35 months; 95% CI: 32-39) (HR=1.31, 95% ClI:
1.07- 1.58, p=0.007) (Figure 2A—central panel). There were no
significant differences in rwPFS between the abemaciclib and
ribociclib groups (p =0.462) (Figure 2A—right panel).
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Figure 1 (A) Kaplan-Meier estimates of rwPFS and (B) adjusted Kaplan-Meier curves for rwPFS from the multivariable Cox model in the “unadjusted”
cohort; p-values for the three primary pairwise comparisons were Bonferroni-adjusted (two-sided a=0.0167)
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Table 2 Multivariate analysis for rwPFS.

rwPFS All HR (univariate) HR (multivariate)
Premenopausal State

No 1100 (78.6) - -

Yes 299 (21.4) 0.90 (0.76-1.07, p=0.221) 0.97 (0.81-1.17, p=0.756)
Age

<65 815 (58.3) - -

>/=65 584 (41.7) 0.97 (0.84-1.11, p=0.646) 0.92 (0.79-1.08, p=0.304)
Performance Status

ECOG 0 1195 (85.4) - -

ECOG 1 204 (14.6) 1.51 (1.26-1.81, p < 0.001) 1.45 (1.20-1.75, p < 0.001)
Histology

Ductal 1011 (72.3) - -

Lobular 304 (21.7) 1.10 (0.94-1.30, p=0.229) 1.10 (0.93-1.30, p=0.280)
Other 84 (6.0) 0.97 (0.73-1.29, p=0.834) 0.84 (0.63-1.13, p=0.247)
Ki67

High 699 (50.0) - -

Low 700 (50.0) 0.92 (0.80-1.05, p=0.202) 0.98 (0.85-1.13, p=0.788)
Grading

G1/G2 951 (68.0) - -

G3 448 (32.0) 1.23 (1.06-1.41, p =0.005) 1.13 (0.97-1.31, p=0.127)
ER

Low 815 (58.3) 1.13 (0.99-1.29, p=0.078) 1.07 (0.93-1.23, p=0.320)
High 584 (41.7) - -

PR

Low 722 (51.6) 1.25 (1.09-1.43, p =0.001) 1.18 (1.02-1.35, p =0.023)
High 677 (48.4) - -

HER2

0 897 (64.1) - -

Low 502 (35.9) 1.05 (0.91-1.21, p=0.520) 1.07 (0.93-1.23, p=0.355)
Neo or Adjuvant Chemotherapy

No 758 (54.2) - -

Yes 641 (45.8) 1.21 (1.06-1.38, p =0.006) 1.07 (0.91-1.27, p=0.416)
Adjuvant Endocrine Therapy

No 493 (35.2) - -

Yes 906 (64.8) 1.29 (1.11-1.49, p =0.001) 1.14 (0.95-1.37, p=0.155)
Bone-only Disease

No 707 (50.5) - -

Yes 692 (49.5) 0.63 (0.55-0.72, p < 0.001) 0.64 (0.46-0.87, p=0.005)
Bone Metastasis Number

Low 726 (51.9) - -

High 692 (49.5) 1.18 (1.03-1.35, p =0.020) 1.20 (1.04-1.38, p=0.011)
Visceral Metastasis

No 761 (54.4) - -

Yes 638 (45.6) 1.51 (1.32-1.73, p < 0.001) 1.00 (0.73-1.36, p =0.980)
Setting

Endocrine Resistant 599 (42.8) - -

Endocrine Sensitive 800 (57.2) 0.65 (0.57-0.75, p < 0.001) 0.73 (0.60-0.87, p=0.001)
Endocrine Therapy

Aromatase Inhibitor 942 (67.3) - -

Fulvestrant 457 (32.7) 1.34 (1.17-1.55, p < 0.001) 1.04 (0.86-1.25, p=0.703)
CDK4/6 Inhibitor

Abemaciclib 219 (15.7) - -

Palbociclib 786 (56.2) 1.44 (1.16-1.79, p =0.001) 1.41 (1.13-1.75, p =0.002)
Ribociclib 394 (28.2) 0.97 (0.76-1.23, p =0.800) 1.10 (0.86-1.41, p =0.453)

Note: Bold values indicate statistically significant results (p < 0.05).
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Figure 2 Kaplan-Meier estimates of rwPFS in the “PSM” (A) and “IPTW” (B) cohort.

The “IPTW” cohort confirmed these findings, showing that
patients treated with palbociclib exhibited a shorter rwPFS (me-
dian 23 months; 95% CI: 21-26) compared to those treated with
abemaciclib (median 30 months; 95% CI: 28-33) (HR=1.33, 95%
Cl: 1.17-1.51, p<0.001) (Figure 2B—left panel). Additionally,
patients receiving palbociclib had a lower rwPFS (median
24 months; 95% Cl: 22-25) compared to those treated with ribo-
ciclib (median 32 months; 95% CI: 28-34) (HR=1.21, 95% CI: 1.09
-1.35, p < 0.001) (Figure 2B—central panel). Finally, we found no
significant differences in rwPFS between patients treated with
abemaciclib and ribociclib (p =0.337) (Figure 2A—right panel).

0S exploratory analysis

The global median OS was 54.0 months (95% Cl: 49.0-60.0).
Patients treated with palbociclib exhibited a lower OS (median
47 months; 95% CI: 42-53) than those receiving abemaciclib (me-
dian 60 months; 95% Cl: 60-not reached) (HR=1.77, 95% Cl: 1.29-
2.44, p<0.001) (Figure 3A—left panel). Additionally, patients
treated with palbociclib had a lower OS compared to those receiv-
ing ribociclib (median 64 months; 95% Cl: 53-not reached)
(HR=1.69, 95% CI: 1.36-2.12, p < 0.001) (Figure 3A—central panel).
There were no significant differences in OS between the abemaci-
clib and ribociclib groups (p =0.894) (Figure 3A—right panel).
Exploratory OS subgroup analyses showed broadly consistent
trends, with palbociclib generally associated with shorter OS ver-
sus abemaciclib and ribociclib, but estimates were less precise and

should be interpreted cautiously (Supplementary Figures 4-6,
available as supplementary data at The Oncologist online).

Multivariate Cox regression analysis showed that patients
treated with palbociclib had reduced OS compared to those
treated with abemaciclib (HR=1.66, 95% Cl: 1.20-2.28, p =0.002),
and to those treated with ribociclib (HR=1.47, 95% CI: 1.16-1.88,
p=0.001). No significant differences between the abemaciclib and
ribociclib groups (p =0.546). (Table 3; Figure 3B).

Palbociclib was correlated with worse OS (median 46 months;
95% Cl: 42-52) compared to abemaciclib (median not reached;
95% Cl: 60-not reached) (HR=1.83, 95% Cl: 1.27-2.63,
p < 0.001), even after “PSM” adjustment (Figure 4A—left panel).
Similarly, in the “IPTW”, palbociclib was associated with re-
duced OS (median 46 months; 95% Cl: 42-52) compared to abe-
maciclib (median not reached; 95% Cl: 60-not reached)
(HR=1.74, 95% CI: 1.46-2.09, p < 0.001) (Figure 4B—left panel).
Additionally, palbociclib was associated with a worse 0S (me-
dian 49 months; 95% Cl: 44-66) compared to ribociclib (median
60 months; 95% Cl: 53-not reached) (HR=1.49, 95% CI: 1.14-
1.92, p=0.003) (Figure 4 A—central panel) in the “PSM” cohort.
Likewise, palbociclib was correlated with a worse OS (median
48 months; 95% CI: 45-53) compared to ribociclib median
64 months; 95% Cl: 59-not reached) (HR=1.49, 95% CI: 1.28-
1.72, p<0.001), after “IPTW” adjustment (Figure 4B—central
panel). Finally, no significant differences were observed be-
tween patients treated with abemaciclib and ribociclib in both
the IPTW (p=0.761) and the PSM cohort (p=0.593) (Figure 4A—
right panel).
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Figure 3 (A) Kaplan-Meier estimates of OS and (B) adjusted Kaplan-Meier Curves for OS from Cox-Multivariate Analysis in the “unadjusted” cohort.

Sensitivity analysis

The results of the leave-one-out sensitivity analysis are pre-
sented in Supplementary Tables 10-11, available as supplemen-
tary data at The Oncologist online. Unless otherwise specified, p-
values reported for sensitivity analyses are nominal and
intended for consistency assessment. Across these sensitivity
analyses, the direction of the associations was generally consis-
tent with the main analysis, and exclusion of any single center
did not materially change the overall estimates.

To further assess the robustness of our findings against
unmeasured confounding, we calculated the E-values for the ob-
served HRs and their confidence intervals. E-values suggested
that a relatively strong unmeasured confounder would be re-
quired to fully explain away the observed associations: 2.12
(rwPFS) and 2.30 (OS) for palbociclib versus abemaciclib, and
1.92 (rwPFS) and 2.17 (OS) for palbociclib versus ribociclib; how-
ever, residual confounding cannot be excluded.

In additional sensitivity analyses stratified by treatment line
(year-adjusted Cox models), palbociclib was associated with
shorter rwPFS versus abemaciclib (first line: HR 1.53, 95% CI
1.17-2.00; p=0.002; second line: HR 1.56, 95% CI 1.01-2.41;
p=0.046) and versus ribociclib in first line (HR 1.31, 95% CI 1.08-
1.60; p =0.007); restricting the analysis to patients initiating ther-
apy in 2020 or later (adjusted for line and year), palbociclib
remained associated with shorter rwPFS versus abemaciclib (HR
1.40, 95% Cl 1.04-1.88; p=0.025). Similarly, in first line palboci-
clib was associated with worse OS versus abemaciclib (HR 1.72,
95% Cl 1.19-2.49; p=0.004) and versus ribociclib (HR 1.63, 95%

Cl 1.25-2.11; p < 0.001), whereas in second line no statistically
significant OS differences were observed; in the post-2020 analy-
sis (adjusted for line and year), palbociclib remained associated
with worse OS versus abemaciclib (HR 1.69, 95% CI 1.11-2.58;
p=0.014) (Supplementary Table 12, available as supplementary
data at The Oncologist online).

Discussion

The study evaluated the rwPFS of 1399 HR+/HER2- mBC patients
with bone metastases treated with ET plus CDK4/6i as first- or
second-line therapy. The findings revealed significant differen-
ces in rwPFS among the three treatments: patients treated with
palbociclib exhibited shorter rwPFS compared to those receiving
abemaciclib and ribociclib. These differences persisted even af-
ter adjusting for baseline characteristics using PSM and IPTW.
The multivariate Cox regression analysis showed that palboci-
clib was associated with worse rwPFS compared to abemaciclib
and ribociclib, independent of clinicopathological features.
Specifically, the median rwPFS for palbociclib was 22 months,
whereas it was 32 months for abemaciclib and 35 months for
ribociclib. Similarly, explorative OS analysis showed a reduced
median OS for palbociclib (47 months), compared to abemaci-
clib (60 months) and ribociclib (64 months), even after adjusting
using PSM and IPTW, and multivariate Cox regression analysis.
The study’s data indicated slightly better outcomes compared
to the registration trials of palbociclib (PALOMA 2 and 3),***®
abemaciclib (MONARCH 2 and 3),°** and ribociclib (MONALEESA
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Table 3 Multivariate analysis for OS.

0s All HR (univariate) HR (multivariate)
Premenopausal State

No 1100 (78.6) - -

Yes 299 (21.4) 0.82 (0.66-1.03, p =0.090) 1.01 (0.79-1.30, p=0.909)
Age

<65 815 (58.3) - -

>/=65 584 (41.7) 1.11 (0.93-1.32, p=0.256) 0.98 (0.80-1.19, p=0.826)
Performance Status

ECOG 0 1195 (85.4) - -

ECOG 1 204 (14.6) 2.33 (1.89-2.88, p < 0.001) 2.09 (1.68-2.62, p < 0.001)
Histology

Ductal 1011 (72.3) - -

Lobular 304 (21.7) 1.20 (0.97-1.47, p=0.090) 1.12 (0.90-1.39, p=0.312)
Other 84 (6.0) 1.04 (0.71-1.50, p =0.853) 0.89 (0.61-1.30, p=0.535)
Ki67

High 699 (50.0) - -

Low 700 (50.0) 0.87 (0.73-1.04, p=0.133) 0.92 (0.77-1.11, p=0.399)
Grading

G1/G2 951 (68.0) - -

G3 448 (32.0) 1.14 (0.95-1.37, p=0.170) 1.06 (0.87-1.29, p=0.584)
ER

Low 815 (58.3) 1.19 (1.00-1.42), p =0.046) 1.15 (0.95-1.37, p=0.148)
High 584 (41.7) - -

PR

Low 722 (51.6) 1.21 (1.02-1.45, p=0.032) 1.17 (0.98-1.40, p =0.092)
High 677 (48.4) - -

HER2

0 897 (64.1) - -

Low 502 (35.9) 0.91 (0.75-1.09, p=0.295) 0.89 (0.73-1.07, p=0.210)
Neo or Adjuvant Chemotherapy

No 758 (54.2) - -

Yes 641 (45.8) 0.92 (0.77-1.10, p=0.375) 0.89 (0.72-1.10, p=0.284)
Adjuvant Endocrine Therapy

No 493 (35.2) - -

Yes 906 (64.8) 1.06 (0.88-1.28, p=0.525) 1.09 (0.87-1.37, p=0.463)
Bone-only Disease

No 707 (50.5) - -

Yes 692 (49.5) 0.58 (0.49-0.70, p < 0.001) 0.49 (0.34-0.72, p < 0.001)
Bone Metastasis Number

Low 726 (51.9) - -

High 673 (48.1) 1.26 (1.06-1.50, p=0.010) 1.26 (1.05-1.51, p=0.012)
Visceral Metastasis

No 761 (54.4) - -

Yes 638 (45.6) 1.49 (1.25-1.78, p < 0.001) 0.79 (0.54-1.14, p=0.206)
Setting

Endocrine Resistant 599 (42.8) - -

Endocrine Sensitive 800 (57.2) 0.76 (0.63-0.90, p=0.002) 0.80 (0.63-1.02, p=0.078)
EndocrineTherapy

Aromatase Inhibitor 942 (67.3) - -

Fulvestrant 457 (32.7) 1.20 (1.00-1.44, p =0.049) 1.00 (0.78-1.27, p=0.976)
CDK4/6 Inhibitor

Abemaciclib 219 (15.7) - -

Palbociclib 786 (56.2) 1.74 (1.27-2.39, p =0.001) 1.66 (1.20-2.28, p =0.002)
Ribociclib 394 (28.2) 1.02 (0.71-1.46, p=0.916) 1.12 (0.78-1.62, p =0.546)

Note: Bold values indicate statistically significant results (p < 0.05).
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Figure 4 Kaplan-Meier estimates of OS in the “PSM” (A) and “IPTW” (B) cohort.

2 and 3).2*™3 For instance, in the PALOMA-2 trial, the median
PFS for palbociclib plus letrozole was 24.8 months, whereas our
study observed a median rwPFS of 37 months in endocrine-
sensitive patients treated with palbociclib. The PALOMA-3 trial
reported a median PFS and OS of 9.5 and 34.8 months, respec-
tively, for patients treated with palbociclib plus fulvestrant. In
contrast, our study showed a median rwPFS and OS of 18 and
43 months, respectively, in endocrine-resistant patients treated
with palbociclib. For abemaciclib, the MONARCH-2 trial reported
a median PFS and OS of 16.4 and 46.7 months, respectively,
while our study’s mean rwPFS and OS were 27 and 59.7 months
in endocrine-resistant patients. Similarly, the MONARCH-3 trial
showed a median PFS and OS of 28 and 66.8 months, compared
to the 36 months rwPFS and OS not reached in our endocrine-
sensitive patients. Regarding ribociclib, the MONALEESA-2 trial
reported a median PFS of 25.3 months, which is lower than the
36 months observed in our cohort of endocrine sensitive
patients treated with ribociclib. Finally, the MONALEESA-3 trial’s
median PFS was 20.5 months, compared to our study’s mean
rwPFS of 27 months.

The overall better prognosis observed in the study might be
attributed, at least in part, to a lower percentage of patients
with ECOG PS 1 and a higher percentage of patients with bone-
only disease, which is known to be associated with favorable
outcomes. For example, in the PALOMA-2 trial, 40% of patients
had an ECOG PS of 1, compared to only 19% of endocrine-
sensitive patients treated with palbociclib in our study.
Moreover, bone-only disease was present in 23% of patients in
the PALOMA-2 trial, compared to 48% in our cohort of
endocrine-sensitive patients treated with palbociclib. Similarly,
in the PALOMA-3 trial, 41% of patients had an ECOG PS of 1,

compared to 16% in our cohort of endocrine-resistant patients
treated with palbociclib. Additionally, 21% of patients in the
PALOMA-3 trial had bone-only disease, compared to 45% in
our study.

In the MONARCH-2 trial, 31% of patients had an ECOG PS of 1,
compared to 14% in our cohort of endocrine-resistant patients
treated with abemaciclib, while 28% had bone-only disease,
compared to 54% in our study. Similarly, in the MONARCH-3
trial, 41% of patients had an ECOG PS of 1, compared to 17% of
our endocrine-sensitive patients treated with abemaciclib, while
21% had bone-only disease, compared to 54% in our study.

In the MONALEESA-2 trial, 39% of patients had an ECOG PS of
1, compared to 9% in our cohort of endocrine-sensitive patients
treated with ribociclib, while 21% had bone-only disease, com-
pared to 53% in our study. Similarly, in the MONALEESA-3 trial,
35% of patients had an ECOG PS of 1, compared to 6% in our co-
hort of endocrine-resistant patients treated with ribociclib,
while 21% had bone-only disease, compared to 52% in
our study.

Furthermore, many factors can significantly influence rwPFS
and OS, including comorbidities, subsequent therapies, and dif-
fering interpretations of radiological images. More frequent and
thorough clinical and radiological assessments in pivotal trials
might explain inferior outcomes. In fact, in trials, tumour assess-
ments occurred every eight weeks, while in clinical practice,
they are often conducted less frequently, sometimes every
12 weeks. Moreover, disease progression in trials relied on stan-
dardized interpretation of CT or MRI, whereas in real-world set-
tings, radiologists’ and oncologists’ assessments play a key role.
For this reason, caution is required when comparing real-world
data with randomized controlled trials.
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Exploratory subgroup analyses showed broadly similar trends
across most strata but should be interpreted cautiously given
limited power for interaction testing and multiple comparisons.
However, in the ECOG PS 1 subgroup, the rwPFS and OS of
patients treated with palbociclib were like those treated with
abemaciclib or ribociclib, a finding that may be clinically rele-
vant in routine practice, where tolerability considerations can
influence treatment choice.

Our study’s findings are consistent with those of the
PALMARES-2 study, which also assessed these treatments in a
real-world setting and demonstrated the superiority of abemaci-
clib and ribociclib over palbociclib in terms of rwPFS.®> This
study reported a global median rwPFS of 34.9 months, which is
slightly higher than the 27 months observed in our study. This
difference is likely due, at least in part, to the higher percentage
of patients treated with palbociclib in our cohort (56% vs 40%)
and maybe because all patients in our cohort had metastatic
disease. Other real-world studies have compared the efficacy of
the three CDK4/6i with similar results.”®® A monocentric study
reported that ribociclib and abemaciclib showed superior PFS
and 0S compared to palbociclib, in HR+ mBC patients.?
Similarly, the study by Gehrchen et al. on the real-world effec-
tiveness of CDK 4/6i in the same setting found that abemaciclib
and ribociclib had prolonged PFS compared to palbociclib.?’
Another study by Cejuela et al. directly compared abemaciclib,
palbociclib, and ribociclib in real-world data and it showed that
abemaciclib was associated with a significant benefit in terms of
PFS in endocrine-resistant patients and those without visceral
involvement.?® A recent large real-world EHR-based study by
Rugo et al.?® reported no statistically significant differences in
0S among patients with HR+/HER2— mBC treated with palboci-
clib, ribociclib, or abemaciclib. Importantly, rwPFS and sub-
group results from these data have also been presented at
ESMO 2025 and SABCS 2025 and should be interpreted along-
side our findings. Differences between those analyses and the
present study may reflect heterogeneity in study design and
case-mix, including our focus on patients with bone metastases
at metastatic diagnosis, the inclusion of later-line CDK4/6:i initia-
tion, potential calendar-time and drug-adoption effects, vari-
ability in endocrine therapy backbones, and differences in
endpoint ascertainment and censoring typical of retrospective
real-world datasets. Accordingly, our results should be viewed
as hypothesis-generating and applicable primarily to this spe-
cific bone-metastatic population rather than as definitive evi-
dence of causal superiority among CDK4/6 inhibitors. Two
network meta-analysis highlighted also no significant differen-
ces in survival among the different CDK4/6i.3°" A unique fea-
ture of this study is that all patients enrolled had bone
metastases at diagnosis of metastatic disease. Bone metastases
present a distinct challenge in breast cancer treatment, as they
not only lead to SRE but they also modify the tumor microenvi-
ronment and can modify drug efficacy. This altered microenvi-
ronment can facilitate tumor growth and induce resistance to
treatments, making patients with bone metastases particularly
difficult to manage effectively. Additionally, the presence of
bone metastases could influence the varying efficacy of CDK4/6i.
Our previous work demonstrated that palbociclib exhibited a
lower anti-tumor effect compared to ribociclib and abemaciclib
in preclinical models of BC bone metastases.?® These differences

could be attributed to the distinct selectivity profiles of the three
compounds. Biochemical interaction analyses revealed that
while all drugs are highly selective for CDK4/6, abemaciclib also
binds to multiple other kinases.>* Additionally, palbociclib has
similar potency against cyclin D1/CDK4 and cyclin D2/CDK6,*?
whereas abemaciclib and ribociclib show greater potency
against CDK4 than CDK6.3* The varying spectrum and degree of
interactions of these agents could influence their clinical
performance.

Other factors may have influenced our results, such as the dif-
ferent periods during which the three CDKis were introduced
into clinical practice. Indeed, the lower experience of clinicians
with palbociclib, being the first CDK 4/6i approved, could have
influenced its efficacy in real-world settings. As ribociclib and
abemaciclib were approved later, clinicians had more experi-
ence and knowledge about the class of CDK4/6i by the time
these drugs became available, potentially leading to better man-
agement and outcomes. Although this study features a large
sample size and employs robust statistical methods to adjust for
measured confounding factors, several limitations must be con-
sidered. First, and most importantly, the retrospective, non-
randomized design resulted in clinically meaningful baseline
imbalances across treatment groups, raising concern for con-
founding by indication (channeling bias), with palbociclib
appearing more frequently prescribed to patients with poorer
prognostic characteristics and/or in later-line settings. Although
we applied multivariable adjustment and propensity-based
approaches, residual and unmeasured confounding cannot be
excluded, and therefore the observed differences should be
interpreted as associative rather than causal. To further address
this issue, we performed additional sensitivity analyses stratified
by line of therapy (first-line-only and second-line-only models).
Line-stratified analyses showed broadly consistent trends but
reduced precision, especially in second line, highlighting the po-
tential impact of treatment-line distribution and residual con-
founding on the overall comparisons.

Post-progression (subsequent-line) treatment patterns could
not be robustly compared due to incomplete and non-uniform
capture across centers, which may contribute to residual
confounding.

Moreover, although the follow-up period is considerable, it
may not be sufficient to capture long-term outcomes for all
patients. Finally, while the use of real-world data is valuable, it
carries inherent limitations, including incomplete data capture,
variability in data quality, and missing information.

In conclusion, the results of this study are consistent with pre-
vious findings suggesting that palbociclib may be less effective
than other CDK 4/6i in patients with bone metastases. However,
it remains unclear whether a definitive ranking of the three
drugs can be established. Future prospective studies are war-
ranted to validate these results and explore the underly-
ing mechanisms.
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