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Abstract
Purpose  Cyclin-dependent kinase 4/6 inhibitors (CDK4/6i) have improved patient survival in hormone receptor-positive/
human epidermal growth factor receptor 2-negative (HR+/HER2−) metastatic breast cancer (mBC) in clinical trials and 
real-world studies. However, investigations of survival gains in broader HR+/HER2− mBC populations using epidemiologi-
cal approaches are limited.
Methods  This retrospective study used SEER registry data to assess breast cancer-specific survival (BCSS) in patients diag-
nosed with HR+/HER2− de novo mBC from 2010 to 2019. Kaplan–Meier and Cox proportional hazards models were used 
to compare BCSS in patients diagnosed before (2010‒2013 with follow-up to 2014) and after (2015‒2018 with follow-up to 
2019) the 2015 guideline recommendations for CDK4/6i use. A comparison was made to patients with HR+/HER2-positive 
(HER2+) de novo mBC, for which no major guideline changes occurred during 2015–2018.
Results  Data from 11,467 women with HR+/HER2− mBC and 3260 women with HR+/HER2+ mBC were included. After 
baseline characteristic adjustment, patients with HR+/HER2− mBC diagnosed post-2015 (n = 6163), had an approximately 
10% reduction in risk of BC-specific death compared with patients diagnosed pre-2015 (n = 5304; HR = 0.895, p < 0.0001). 
Conversely, no significant change was observed in HR+/HER2+ BCSS post-2015 (n = 1798) versus pre-2015 (n = 1462). 
Similar results were found in patients aged ≥ 65 years.
Conclusion  Using one of the largest US population-based longitudinal cancer databases, significant improvements in BCSS 
were noted in patients with HR+/HER2− mBC post-2015 versus pre-2015, potentially due to the introduction of CDK4/6i 
post-2015. No significant improvement in BCSS was observed in patients with HR+/HER2+ mBC post-2015 versus pre-
2015, likely due to the availability of HER2-directed therapies in both time periods.
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Introduction

Despite treatment advances over the past decade, fewer than 
one third of patients with metastatic breast cancer (mBC) 
survive 5 years after diagnosis [1]. Survival rates are asso-
ciated in part with tumor molecular subtype [2]. Using 
the Surveillance Epidemiology, and End Results Program 
(SEER) database, considered the gold standard for data qual-
ity amongst cancer registries globally, Howlader et al. [3] 
assessed survival outcomes of women diagnosed with breast 
cancer between 2010 and 2013 and reported that breast 
cancer-specific survival (BCSS) was longer in patients with 
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HR+/HER2+ compared with HR+/HER2− de novo stage 
IV breast cancer (or mBC). Four-year BCSS rates were 
45.5% vs 35.9%, respectively, corresponding to a signifi-
cant difference of approximately 10 percentage points at the 
population level [3]. The authors concluded that this differ-
ence was likely due, in part, to major advances in HER2-
targeted treatments such as monoclonal antibodies targeting 
HER2 (trastuzumab was approved by the US Food and Drug 
Administration [FDA] in 1998, followed by approval of per-
tuzumab in 2012) [3–6].

More recently, cyclin-dependent kinase 4/6 (CDK4/6) 
inhibitors, in combination with endocrine therapy (ET), have 
been approved for the treatment of HR+/HER2− mBC dis-
ease (palbociclib was FDA-approved in 2015 [7], followed 
by ribociclib and abemaciclib, both in 2017 [8, 9]). CDK4/6 
inhibitors prevent cell-cycle progression by blocking the for-
mation of cyclin D-CDK4/6 complexes and preventing the 
inactivation of the tumor suppressor retinoblastoma 1 [10]. 
Multiple randomized clinical trials (RCTs) and real-world 
studies have shown that use of CDK4/6 inhibitors plus ET 
approximately doubles patient progression-free survival 
(PFS) and can improve overall survival (OS) in patients 
with HR+/HER2− mBC [11–23]. These regimens have now 
become the clinical guideline-recommended standard of care 
in patients with HR+/HER2− mBC [24–27].

Understanding whether these improvements are also seen 
at the population level in the years since regulatory approval 
is crucial for assessing the impact of CDK4/6 inhibitors on 
patient survival outside of RCTs. Thus, a more expansive 
view of outcome trends for patients with HR+/HER2− mBC 
in the US would yield valuable insight into the broad effec-
tiveness of current standards of care for mBC.

Early indications of population-level improvements in OS 
in patients with HR+/HER2− mBC were seen in a study by 
Alvarez et al. using SEER data [28], which reported a 2-year 
OS rate of 65% in the post-CDK4/6 inhibitor (2015–2017) 
cohort versus 62% in the pre-CDK4/6 inhibitor (2011–2013) 
cohort. However, in using a 2-year OS metric and a rela-
tively short patient follow-up time for assessing differences 
in survival where median OS was not reached, this study was 
limited in its ability to capture the clinical benefit derived 
from the increasing uptake of CDK4/6 inhibitors following 
market authorization.

To address these data gaps, we conducted a SEER regis-
try-based, retrospective study investigating BCSS in women 
with HR+/HER2− de novo stage IV breast cancer diagnosed 
before and after the adoption in 2015 of CDK4/6 inhibi-
tors plus ET as the standard of care. As SEER captures the 
cause of death, BCSS was used as the survival outcome, in 
line with Howlader [3]. We also expanded on the approach 
taken by Alvarez et al. [28] by adding an additional year of 
data both preceding and following the guideline inclusion of 
CDK4/6 inhibitors, assessing 4-year BCSS, and comparing 

outcomes with those of patients with HR+/HER2+ de novo 
stage IV breast cancer, a population for which CDK4/6 
inhibitors are not currently indicated, over the same peri-
ods. Including a HR+/HER2+ comparator cohort served two 
purposes: First, by including patients with HR+/HER2− and 
with HR+/HER2+ mBC, we reduced the risk of assigning 
a potential improvement in HR+/HER2− BCSS to CDK4/6 
inhibitors that could alternatively be explained by a general 
improvement in BCSS over time across molecular subtypes, 
for instance due to higher rates of breast cancer screening. 
Secondly, novel HER2-targeted therapies were introduced 
earlier than CDK4/6 inhibitors and would, therefore, not 
necessarily be expected to demonstrate similar population-
level survival improvements in the HER2+ population over 
the time periods assessed in this study. Therefore, improved 
BCSS in the HR+/HER2− population, together with no sig-
nificant improvement in the HR+/HER2+ population and a 
reduction in the survival difference between the two popula-
tions after 2015 would lend support to BCSS improvements 
with CDK4/6 inhibitors in the HR+/HER2− population. 
Survival results are reported for the overall population and 
for a subgroup of women aged ≥ 65 years, given the large 
number of women at risk of poor outcomes in this age group 
[2].

Methods

Study design and patients

This retrospective study used data from the SEER 17 
Research Plus database [29]. Patient inclusion and exclusion 
criteria mirrored those used by Howlader et al. [3], except 
our analyses were limited to patients with HR+/HER2− or 
HR+/HER2+ de novo stage IV breast cancer. Patient data 
from 2010 to 2019 were included in this study. Patients were 
women aged ≥ 18 years with a diagnosis of invasive tumor, 
node, metastasis (TNM) stage IV breast cancer as their first 
cancer, and HR+/HER2− or HR+/HER2+ breast cancer 
subtype as determined by the SEER breast subtype variable. 
Exclusion criteria included missing cause of death among 
patients who died, missing data on molecular subtype (based 
on estrogen receptor/progesterone and HER2 status), cases 
identified postmortem, patient alive but with no survival 
time, and invalid or missing date of diagnosis.

Patients were classified into 2 cohorts: patients diagnosed 
from 2010 to 2013 before the approval of CDK4/6 inhibitors 
with follow-up to 2014 (minimum of 1 year) or death, which-
ever occurred earlier, and patients diagnosed from 2015 to 
2018 after the approval of CDK4/6 inhibitors with follow-up 
to 2019 (minimum of 1 year) or death, whichever occurred 
earlier. These time periods were selected to compare survival 
outcomes in HR+/HER2− mBC before and after the approval 



Breast Cancer Research and Treatment	

of the first CDK4/6 inhibitor, palbociclib, in February 2015 
[10]. The length of time that the pre- and post-2015 cohorts 
were monitored was identical to permit valid inter-cohort com-
parisons in survival outcomes.

Outcomes

The SEER Cause-Specific Death Classification variable was 
used to capture death from breast cancer and determine BCSS, 
defined as the number of absolute months from breast cancer 
diagnosis to the date of death attributed to breast cancer [30]. 
Deaths resulting from breast cancer were treated as events 
while deaths due to other causes were censored. Patients who 
were still alive at the end of the follow-up period were also 
censored.

Statistical analyses

Patient demographics and clinical characteristics, includ-
ing disease stage, age at diagnosis, race and ethnicity, SEER 
geographic region (i.e, urban vs rural), SEER registry site, 
median household income (by county of residence), marital 
status, and index year were summarized using descriptive sta-
tistics (Table 1). All analyses were stratified by breast cancer 
molecular subtype (HR+/HER2− and HR+/HER2+ mBC). A 
subgroup analysis was conducted for patients aged ≥ 65 years.

Unadjusted Kaplan–Meier analyses were conducted to 
assess BCSS in both the pre- and post-2015 groups. Land-
mark survival probabilities were assessed at 6, 12, 18, 24, 
36, and 48 months. Relative risk of death and corresponding 
95% confidence intervals (CIs) were determined using Cox 
proportional hazards models. Multivariable regression anal-
yses were adjusted for age at diagnosis, race-ethnicity, SEER 
geographic region, SEER registry site, median household 
income, and marital status. These analyses were performed 
for the overall population and for patients aged ≥ 65 years, 
and separately for patients with HR+/HER2− and HR+/
HER2+ mBC. In addition, BCSS was compared between 
groups with HR+/HER2−  and HR+/HER2+  mBC in 
each year cohort to capture changes in survival differences 
between the molecular subtypes over time. Median BCSS 
was also assessed for the entire period (2000–2019) by age, 
race and ethnicity, and median household income. All analy-
ses were conducted using SAS statistical software, version 
9.4 (SAS Institute, Cary, North Carolina).

Results

Patient characteristics

Data from 11,467 women with HR+/HER2− mBC and 
3260 women with HR+/HER2+ mBC were included in this 

study. Patient selection is detailed in Fig. 1. Of patients diag-
nosed with HR+/HER2− mBC, 5304 were included in the 
pre-2015 group and 6163 were included in the post-2015 
group. Compared with the pre-2015 cohort, patients in the 
post-2015 cohort were less likely to be non-Hispanic White 
(67.5% vs 65.0%, p < 0.001), tended to be older (mean age 
[standard deviation, SD]: 61.7 years [13.9] vs 62.8 years 
[14.2]; p < 0.001] and to reside in areas with higher median 
household income (p < 0.001). No differences were seen in 
other baseline characteristics (Table 1).

Among patients diagnosed with HR+/HER2+ mBC, 
1462 were included in the pre-2015 group and 1798 in 
the post-2015 group. Similar to the HR+/HER2− popula-
tion, patients in the post-2015 group compared with the 
pre-2015 cohort were less likely to be non-Hispanic White 
(60.3% vs 62.9%; p < 0.001), tended to be older (mean age 
[SD]: 58.5 years [14.4] vs 57.4 years [13.9]; p = 0.007) and 
to reside in areas with higher median household income 
(p < 0.001). No differences were observed in other baseline 
characteristics (Table 1). Descriptive statistics for patients 
aged ≥ 65 years are shown in Online Resource Table S1.

Breast cancer‑specific survival in patients with HR+/
HER2− mBC

In the unadjusted analysis of patients with HR+/
HER2−  mBC, BCSS was significantly longer among 
patients in the post-2015 group versus the pre-2015 group 
(median BCSS: 39 [95% CI 38–42] vs 35 [95% CI 33–37] 
months; hazard ratio [HR] = 0.896, 95% CI 0.849–0.946; 
p < 0.001; Table 2, Fig. 2A). The 48-month BCSS rate was 
44.5% for the post-2015 group and 38.5% for the pre-2015 
group (Online Resource Table S2). After adjusting for base-
line characteristics in the multivariable regression analysis, 
patients in the post-2015 group had significantly reduced 
risk of BC-specific death than those in the pre-2015 group 
(adjusted HR = 0.895, 95% CI 0.847–0.946; p < 0.001; 
Table 2). 

Multivariable analyses (Table  2) showed that age 
impacted the risk of BC-specific death, with older patients 
experiencing greater risk than younger patients. Compared 
with patients aged 18–44 years, patients aged ≥ 85 years, 
65–84 years, or 45–65 years had a 147% (HR = 2.47, 95% CI 
2.15–2.84; p < 0.001), 56% (HR = 1.56, 95% CI 1.41–1.73; 
p < 0.001), and 29% (HR = 1.29, 95% CI 1.16–1.42; 
p < 0.001) higher risk of BC-specific death, respectively. 
Non-Hispanic Black patients had a 33% higher risk of BC-
specific death compared with non-Hispanic White patients 
(HR = 1.33, 95% CI 1.22–1.44; p < 0.001). Patients residing 
in areas with median household income of at least $75,000 
had reduced risk of BC-specific death relative to patients 
residing in areas with household income under $55,000 
(HR = 0.88, 95% CI 0.79–0.97; p = 0.011), as did patients 
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Table 1   Baseline demographics and clinical characteristics of women with HR+/HER2− or HR+/HER2+ mBC (SEER-17, excluding Alaska 
Native Tumor Registry, 2010–2013 and 2015–2018)

HER2 human epidermal growth factor receptor 2, HR hormone receptor, mBC metastatic breast cancer, SD standard deviation, SEER Surveil-
lance, Epidemiology, and End Results
a Pre-2015 consists of patients diagnosed between 2010 and 2013 (with follow-up to December 31, 2014)
b Post-2015 consists of patients diagnosed between 2015 and 2018 (with follow-up to December 31, 2019)
c “Missing/unknown” excluded in each model due to low number of patients in this category. Geographic sites within California and Georgia 
were combined into their respective states for a total of 11 states instead of 16 unique registries
d “Alaska Natives” excluded in each model due to low number of patients in this category; category coefficients and standard errors could not be 
estimated

Characteristic HR+/HER2− cohort HR+/HER2+ cohort

Pre-2015a (n = 5304) Post-2015b (n = 6163) p-value Pre-2015a (n = 1462) Post-2015b (n = 1798) p-value

Age at diagnosis, years < 0.001 0.007
 Mean (SD) 61.7 (13.9) 62.8 (14.2) 57.4 (13.9) 58.5 (14.4)
 Median (range) 62 (19−100) 63 (21−100) 57 (23–96) 59 (18–100)

Age at diagnosis, n (%) < 0.001 0.002
 18–44 years 596 (11.2) 677 (11.0) 273 (18.7) 313 (17.4)
 45–64 years 2510 (47.3) 2656 (43.1) 770 (52.7) 862 (47.9)
 65–84 years 1903 (35.9) 2443 (39.6) 364 (24.9) 558 (31.0)
 ≥ 85 years 295 (5.6) 387 (6.3) 55 (3.8) 65 (3.6)

Race and ethnicity, n (%) < 0.001 0.001
 Non-Hispanic White 3580 (67.5) 4003 (65.0) 919 (62.9) 1085 (60.3)
 Non-Hispanic Black 718 (13.5) 834 (13.5) 239 (16.3) 253 (14.1)
 Non-Hispanic Asian or Pacific 

Islander
394 (7.4) 526 (8.5) 99 (6.8) 199 (11.1)

 Hispanic 584 (11.0) 727 (11.8) 193 (13.2) 245 (13.6)
 American Indian/Alaska Native/

Unknown
28 (0.5) 73 (1.2) 12 (0.8) 16 (0.9)

SEER geographic regionc, n (%) 0.337 0.370
 Big metro/metro/urban 4729 (89.2) 5460 (88.6) 1288 (88.1) 1602 (89.1)
 Less urban/rural 575 (10.8) 703 (11.4) 174 (11.9) 196 (10.9)

SEER registry sited, n (%) 0.569 0.060
 California 2133 (40.2) 2459 (39.9) 564 (38.6) 725 (40.3)
 Connecticut 269 (5.1) 311 (5.0) 76 (5.2) 65 (3.6)
 Georgia 641 (12.1) 783 (12.7) 225 (15.4) 270 (15.0)
 Hawaii 97 (1.8) 110 (1.8) 22 (1.5) 26 (1.4)
 Iowa 211 (4.0) 236 (3.8) 49 (3.4) 70 (3.9)
 Kentucky 324 (6.1) 332 (5.4) 76 (5.2) 110 (6.1)
 Louisiana 334 (6.3) 439 (7.1) 110 (7.5) 114 (6.3)
 New Jersey 744 (14.0) 843 (13.7) 186 (12.7) 258 (14.3)
 New Mexico 115 (2.2) 136 (2.2) 42 (2.9) 36 (2.0)
 Seattle (Puget Sound) 317 (6.0) 354 (5.7) 74 (5.1) 66 (3.7)
 Utah 119 (2.2) 160 (2.6) 38 (2.6) 58 (3.2)

Median household income < 0.001  < 0.001
 < $55,000 1332 (25.1) 1357 (22.0) 406 (27.8) 395 (22.0)

 $55,000—$64,999 1606 (30.3) 1039 (16.9) 406 (27.8) 275 (15.3)
 $65,000—$74,999 896 (16.9) 1633 (26.5) 241 (16.5) 473 (26.3)
 ≥ $75,000 1470 (27.7) 2134 (34.6) 409 (28.0) 655 (36.4)

Marital Status, n (%) 0.950 0.344
 Single (never married) 1130 (21.3) 1338 (21.7) 352 (24.1) 449 (25.0)
 Married/unmarried living with 

domestic partner
2335 (44.0) 2709 (44.0) 671 (45.9) 840 (46.7)

 Divorced/separated/widowed 1558 (29.4) 1788 (29.0) 358 (24.5) 433 (24.1)
 Unknown 281 (5.3) 328 (5.3) 81 (5.5) 76 (4.2)
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who were married/living with a domestic partner compared 
with single (never married) patients (HR = 0.80, 95% CI 
0.74–0.86; p < 0.001). SEER geographic region and SEER 
registry site were not associated with BCSS. Median BCSS 
during the period from 2010 to 2019 by age, race and ethnic-
ity, and household income are reported in Online Resource 
Table S3.

Similarly to the overall study population, BCSS 
of patients with HR+/HER2−  mBC in the subgroup 

aged ≥ 65 years (n = 5028) was significantly longer in the 
post-2015 group with a median survival of 34 months (95% 
CI 32–37) versus 29 months (95% CI 27–31) in the pre-
2015 group (adjusted HR = 0.893, 95% CI 0.824–0.967; 
p = 0.006) (Online Resource Table S4, Online Resource 
Fig. S1A). Factors associated with BCSS in this subgroup 
were similar to the overall study population, except for 
income, which was not significant.

Fig. 1   Patient selection 
diagram. a Excludes “missing/
unknown” from SEER Geo-
graphic Region AND “Alaska 
Natives” from SEER registry 
site. HER2 human epidermal 
growth factor receptor 2, HR 
hormone receptor, SEER Sur-
veillance, Epidemiology, and 
End Results



	 Breast Cancer Research and Treatment

Table 2   Multivariable Cox regression analysis of breast cancer-specific survival (BCSS) in patients with HR+/HER2− or HR+/HER2+ mBC

BCSS breast cancer-specific survival, CI confidence interval, HER2 human epidermal growth factor receptor 2, HR hazard ratio, HR+hormone 
receptor, mBC, metastatic breast cancer, SEER Surveillance, Epidemiology, and End Results
a Pre-2015 consists of patients diagnosed between 2010 and 2013 (with follow-up to December 31, 2014)
b Post-2015 consists of patients diagnosed between 2015 and 2018 (with follow-up to December 31, 2019)
c Multivariable adjusted hazard ratio. Results were adjusted for age at diagnosis, race and ethnicity, SEER geographic region, SEER registry site, 
median household income, and marital status
d “Missing/unknown” excluded in each model due to low number of patients in this category
e “Alaska Natives” excluded in each model due to low number of patients in this category

Characteristic HR+/HER2− cohort (n = 11,467) HR+/HER2+ cohort (n = 3260)

HR 95% CI p-value HR 95% CI p-value

Study period
 Pre-2015a Reference Reference
 Post-2015b 0.896 0.849–0.946  < 0.001 0.954 0.855–1.064 0.397
 Adjusted post-2015b,c 0.895 0.847–0.946  < 0.001 0.933 0.834–1.044 0.229

Age at diagnosis
 18–44 years Reference Reference
 45–64 years 1.29 1.16–1.42  < 0.001 1.69 1.41–2.03  < 0.001
 65–84 years 1.56 1.41–1.73  < 0.001 2.52 2.08–3.06  < 0.001
 ≥ 85 years 2.47 2.15–2.84  < 0.001 4.28 3.19–5.74  < 0.001

Race and ethnicity
 Non-Hispanic White Reference Reference
 Non-Hispanic Black 1.33 1.22–1.44  < 0.001 1.36 1.15–1.59  < 0.001
 Non-Hispanic Asian or Pacific Islander 0.94 0.84–1.06 0.302 1.09 0.88–1.35 0.447
 Hispanic 0.99 0.91–1.09 0.907 1.06 0.89–1.27 0.509
 American Indian/Alaska Native/Unknown 0.59 0.40–0.87 0.008 0.70 0.33–1.47 0.344

SEER geographic regiond

 Big metro/metro/urban Reference Reference
 Less urban/rural 1.03 0.93–1.14 0.576 1.01 0.83–1.24 0.891
 SEER registry sitee

 Alaska natives – – – – – –
 California Reference Reference
 Connecticut 0.92 0.80–1.06 0.259 0.63 0.45–0.88 0.007
 Georgia 1.06 0.96–1.17 0.238 1.14 0.95–1.36 0.161
 Hawaii 1.13 0.92–1.41 0.252 1.52 1.00–2.31 0.049
 Iowa 1.03 0.89–1.20 0.707 0.68 0.48–0.98 0.036
 Kentucky 1.07 0.93–1.22 0.336 1.11 0.86–1.44 0.434
 Louisiana 1.01 0.89–1.15 0.896 1.02 0.80–1.30 0.887
 New Jersey 1.06 0.97–1.16 0.210 0.95 0.79–1.14 0.559
 New Mexico 1.16 0.96–1.41 0.132 1.07 0.74–1.54 0.723
 Seattle (Puget Sound) 1.00 0.88–1.13 0.980 0.84 0.62–1.14 0.250
 Utah 1.10 0.92–1.32 0.297 1.01 0.72–1.42 0.956

Median household income
 < $55,000 Reference Reference
 $55,000–$64,999 0.97 0.89–1.06 0.523 0.99 0.82–1.20 0.952
 $65,000–$74,999 0.96 0.86–1.06 0.400 0.94 0.77–1.15 0.558
  ≥ $75,000 0.88 0.79–0.97 0.011 0.93 0.76–1.14 0.490

Marital status
 Single (never married) Reference Reference
 Married/unmarried living with domestic partner 0.80 0.74–0.86  < 0.001 0.83 0.72–0.96 0.010
 Divorced/separated/ widowed 1.03 0.95–1.11 0.501 1.14 0.97–1.34 0.105
 Unknown 0.92 0.80–1.05 0.194 0.98 0.75–1.27 0.849
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Breast cancer‑specific survival in patients with HR+/
HER2+ mBC

In the unadjusted analysis of patients with HR+/
HER2+  mBC, BCSS was longer among patients diag-
nosed post-2015 versus pre-2015, but the difference was 
not statistically significant (median BCSS: 50  months 
[95% CI 45–not estimable] vs 45 months [95% CI 42–50]; 
unadjusted HR = 0.954, 95% CI 0.855–1.064; p = 0.397; 
Table 2, Fig. 2B). BCSS rates at 48 months were 50.7% 
and 47.7% for the post- and pre-2015 groups, respectively 
(Online Resource Table S2). After adjusting for baseline 
characteristics, patients in the post-2015 group did not differ 
significantly in the risk of BC-specific death compared with 

those in the pre-2015 group (adjusted HR = 0.933, 95% CI 
0.834–1.044; p = 0.229, Table 2).

Similar to the HR+/HER2− cohort, BCSS also varied 
with age, race, and ethnicity: patients aged ≥ 85 years 
had a > fourfold higher risk of BC-specific death com-
pared with patients aged 18–44 years (HR = 4.28, 95% CI 
3.19–5.74; p < 0.001), and non-Hispanic Black patients 
had a 36% increased risk of death compared with non-
Hispanic White patients (HR = 1.36, 95% CI 1.15–1.59; 
p < 0.001; Table 2). Differences in BCSS were also seen in 
SEER registry site and marital status, but not SEER geo-
graphic region or household income. In the subgroup of 
patients aged ≥ 65 years there was no difference in BCSS 
between the pre- and post- 2015 groups, and only age was 
associated with BCSS (Online Resource Table S4, Online 
Resource Fig. S1B).

Fig. 2   Kaplan–Meier breast 
cancer-specific survival (BCSS) 
curves for patients diagnosed 
with HR+/HER2− (A) or 
HR+/HER2+ (B) mBC pre- or 
post-2015 (SEER-17, excluding 
Alaska Native Tumor Regis-
try). CI confidence interval, 
HER2 human epidermal growth 
factor receptor 2, HR hazard 
ratio, HR+hormone receptor-
positive, mBC metastatic breast 
cancer, mBCSS median breast 
cancer-specific survival, NE not 
estimable
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Comparison of BCSS trends between HR+/HER2– 
versus HR+/HER2+ mBC

When comparing BCSS between the different HER2 
cohorts, survival differences were smaller between the post-
2015 groups than those of the pre-2015 groups. Specifically, 
48-month BCSS was 9.2 percentage points lower in patients 
with HR+/HER2− (38.5%) versus HR+/HER2+ (47.7%) 
mBC in the pre-2015 period, but the difference was reduced 
to 6.2 percentage point after 2015 (44.5% vs 50.7%) (Fig. 3, 
Online Resource Table S2). After adjusting for baseline 
characteristics, patients with HR+/HER2− mBC had a 21% 
higher risk of BC-specific death compared with patients 
with HR+/HER2+ mBC in the pre-2015 group (adjusted 
HR = 1.21, 95% CI 1.11–1.32; p < 0.001; Fig. 3). For the 
post-2015 group, patients with HR+/HER2− mBC had 
an 11% higher risk of BC-specific death compared with 
patients with HR+/HER2+ mBC after adjustment (adjusted 
HR = 1.11, 95% CI 1.01–1.20; p = 0.023. For patients 
aged ≥ 65 years, there was no significant difference in BCSS 
between HR+/HER2− and HR+/HER2+ mBC pre-2015 
(adjusted HR = 1.04, 95% CI 0.90–1.20; p = 0.608) and post-
2015 (adjusted HR = 0.88, 95% CI 0.78–1.00; p = 0.056).

Discussion

The advent of CDK4/6 inhibitors has fundamentally altered 
the HR+/HER2− mBC treatment landscape over the past 
8 years [31]. Multiple RCTs and real-world studies have sup-
ported the efficacy and effectiveness of palbociclib, riboci-
clib, and abemaciclib, in combination with ET, as first- and 
second-line therapies for extending PFS, with manageable 
side effects compared to ET alone [11, 12, 16, 18, 20, 32, 
33]. The OS benefit conferred by adding a CDK4/6 inhibitor 

to ET has been less clear in RCTs. A statistically signifi-
cant OS benefit has been shown for ribociclib [19] but not 
for palbociclib and abemaciclib relative to ET alone in the 
first-line mBC setting [15, 23]. Although median OS for 
patients taking palbociclib plus letrozole (53.9 months) 
was not significantly longer than placebo plus letrozole in a 
phase 3 RCT (PALOMA-2), an independent phase 2 RCT in 
an endocrine sensitive population reported a relatively long 
median OS for patients taking palbociclib plus letrozole or 
fulvestrant (PARSIFAL-LONG, 65.4 months) [23, 34]. In 
addition, real-world comparative-effectiveness studies of 
CDK4/6 inhibitors plus ET versus ET alone have reported 
significant OS improvements with CDK4/6 inhibitor treat-
ment in the US [17, 22]. Taken together, this evidence sug-
gests significant survival improvement for patients taking 
CDK4/6 inhibitors for their HR+/HER2− mBC.

Understanding whether these survival improvements have 
been seen in a population-based setting is crucial. RCTs are 
restricted to specific populations that are often younger, 
healthier, and less diverse, and real-world comparative-effec-
tiveness studies, although essential for assessing effective-
ness in routine clinical practice and in more diverse popu-
lations, are often by design limited by different inclusion 
criteria and exclude patients not receiving the treatments 
being studied [35]. As such, population-based studies are 
unique in their comprehensive scope and ability to assess 
broad epidemiology trends.

Using the SEER database, we compared BCSS in patients 
diagnosed with HR+/HER2−  mBC during the periods 
2010–2013 (with follow-up to 2014) and 2015–2018 (with 
follow-up to 2019). These cohorts were based on the first 
CDK4/6 inhibitor approval of palbociclib in 2015 and the 
subsequent adoption of a CDK4/6 inhibitor plus ET as 
the standard of care for patients with HR+/HER2− mBC. 
We found a clinically meaningful (approximately 10%) 

Fig. 3   Kaplan–Meier breast 
cancer-specific survival 
curves for patients diagnosed 
with HR+/HER2− or HR+/
HER2+ mBC, pre- and post-
2015 (SEER-17, excluding 
Alaska Native Tumor Registry). 
CI confidence interval, HER2 
human epidermal growth factor 
receptor 2, HR hazard ratio, 
HR+hormone receptor-positive, 
mBC metastatic breast cancer
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improvement in BCSS for patients diagnosed with HR+/
HER2− mBC after 2015 versus those diagnosed before 
2015, a finding that remained statistically significant fol-
lowing multivariable adjustment for baseline patient demo-
graphics. Our BCSS findings are consistent with those of the 
Alvarez et al. study, which compared OS before and after 
2015 for patients with HR+/HER2− mBC in the SEER data-
base; despite analyzing shorter time-based cohorts where 
median OS was not reached, including fewer years post-2015 
than in our study, and using a different survival endpoint, 
the authors noted a significant increase in 2-year OS after 
2015 [28].

In contrast to the trends that we and others [28] have 
observed for patients with HR+/HER2− mBC, we found 
numerical but not significant improvements in BCSS for 
patients with HR+/HER2+ mBC post- versus pre-2015, a 
population for which CDK4/6 inhibitors are not currently 
indicated. The lack of a significant improvement in BCSS 
for patients with HR+/HER2+ post- versus pre-2015 may 
be related to differences when novel treatments were intro-
duced; pertuzumab was approved as a targeted therapy for 
HER2+ tumors in 2012, with an OS benefit demonstrated 
by the phase 3 CLEOPATRA trial [36]. Therefore, the pertu-
zumab approval and subsequent clinical adoption overlapped 
both our pre- and post-2015 groups, potentially prolong-
ing survival in both groups, with no significant difference 
as a result. A different grouping of patients by year (e.g., 
pre- and post-pertuzumab introduction) may have shown a 
difference over time; indeed, real-world OS improvements 
were observed post-pertuzumab/trastuzumab emtansine 
authorization in the Dutch SONABRE registry and French 
ESME-MBC database [4, 37].

In our study, the HR+/HER2+ cohort, for which CDK4/6 
inhibitors are not currently approved, served as a comparison 
group to the HR+/HER2− cohort. We found that BCSS was 
lower in the HR+/HER2− cohort compared with the HR+/
HER2+ cohort in the pre-2015 period (21% higher risk of 
death with HR+/HER2−). This finding is consistent with 
Howlader et al. [3] who also found shorter BCSS in patients 
with HR+/HER2− compared with HR+/HER2+ de novo 
stage IV during the same time period in the SEER data-
base. Despite being drawn from the same database over the 
same time period, the BCSS estimates in Howlader et al. are 
slightly smaller (35.9% and 45.5%) than those here (38.5% 
and 47.7%). This difference could be explained by the fact 
that Howlader et al. used multiple imputation for patients 
with missing HER2 status, whereas our study did not. The 
authors attributed the difference in BCSS between the 2 
molecular subtypes in part to the major advances in HER2-
targeted treatments such as trastuzumab, FDA-approved in 
1998, followed by approval of pertuzumab in 2012 [3–6].

Importantly, we also found that the difference in BCSS 
was lower in the post-2015 period (11% higher risk of 

death) in the HR+/HER2− cohort compared with the HR+/
HER2+ cohort. Hence, despite a numerically improved 
survival observed in the HR+/HER2+ cohort, the survival 
gap between molecular subtypes was reduced post-2015, 
lending support to the idea that treatment advances were 
uniquely effective for the HR+/HER2− group during this 
time period. In addition, the use of the HER2+ group as an 
anchor reduces the possibility that the 10% BCSS improve-
ment in the HR+/HER2− group was associated with a gen-
eral improvement in BCSS independent of molecular sub-
type. The comparison to the HR+/HER2+ group therefore 
provides support that the introduction of CDK4/6 inhibitors 
for treating HR+/HER2− mBC may have prolonged BCSS 
in the HR+/HER2− population.

Similar patterns of results were seen for patients 
aged ≥ 65 years: patients with HR+/HER2− mBC saw pro-
longed survival post-2015 compared with pre-2015, but 
those with HR+/HER2+ mBC did not. This is an important 
observation because half of breast cancer deaths occur in 
women aged ≥ 70 years [38]. Furthermore, older patients 
have been proportionally underrepresented in clinical trials 
assessing anticancer drug efficacy [39, 40]; therefore, studies 
supporting the effectiveness of therapies for older patients 
address a key knowledge gap.

The population-level 10% reduction in risk of HR+/
HER2− breast cancer-related death observed in our study 
for the post-2015 versus pre-2015 group can be considered 
clinically meaningful, even by RCT standards [41, 42]. 
However, the extent to which this finding can be attributed 
to treatment with CDK4/6 inhibitors cannot be determined, 
because SEER data do not include detailed information on 
treatments received by patients; in particular, the database 
contains no information on the uptake of CDK4/6 inhibitors 
or in which line of therapy patients received these treat-
ments. Comprehensive data on the adoption of CDK4/6 
inhibitors in the US are scarce. While one study using 
the Flatiron Health database suggests that although rapid 
adoption of palbociclib occurred in 2015, the percentage 
of patients with HR+/HER2− mBC taking first-line palbo-
ciclib plus ET did not exceed 30% between 2015 and 2019 
[43]; another small 2017 survey of 64 invited oncologists 
reported that 52.4% and 42.9% of patients were receiving 
a CDK4/6 inhibitor-based regimen in the first and second 
lines of therapy, respectively [44]. Ribociclib and abemaci-
clib prescriptions would have added to these totals begin-
ning in 2017, but it is unclear if uptake was large enough 
to prolong BCSS substantially before 2019. In addition, a 
study from a single institution of patients treated between 
2015 and 2017 reported that only 42 of 230 (18.3%) patients 
received palbociclib as a first-line therapy, with the remain-
der receiving it in later lines [45]. If CDK4/6 inhibitor use 
was not widespread and biased toward later lines of therapy 
from 2015 to 2019, the 10% improvement in BCSS reported 
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in our study is reasonable and may represent a lower bound 
for potential survival gains at the population level. More 
widespread use and proportionally greater first-line use over 
time may result in survival improvements approaching the 
approximate 25%-40% improvement reported in real-world 
studies and a meta-analysis of RCTs [17, 22, 46, 47]. Future 
studies with a longer follow-up may reveal greater relative 
improvements in post-2015 survival.

A major strength of this study is that it utilized one of the 
largest US population-based longitudinal databases (SEER 
17), which covered up to 26.5% of the US population [48], 
allowing for a large cohort size. However, this study has 
several limitations. As mentioned above, CDK4/6 inhibitor 
use is not tracked in SEER data, thus the direct effects of 
CDK4/6 inhibitor treatment on BCSS could not be assessed. 
Also, the exact dates of diagnosis and death are not provided 
in the SEER database, potentially affecting the BCSS results. 
In addition, though our follow-up time was longer than in 
previous studies, it may be of insufficient length to fully 
capture the survival benefit provided by CDK4/6 inhibi-
tors. Further, this was an observational study and subject 
to unmeasured confounding, because the SEER database 
also does not collect key clinical variables such as East-
ern Cooperative Oncology Group performance status and 
the presence of genetic biomarkers. However, unmeasured 
confounders are unlikely to systematically affect the rela-
tive differences over time and between subtypes. While we 
excluded a sizeable proportion of patients (4296, approxi-
mately 15%) due to missing information on molecular sub-
type, previous efforts at molecular subtype imputation using 
SEER registry data found that women with missing subtypes 
tended to be older and had poorer outcomes than their peers 
with known subtypes [3]. Although nonimputed data may be 
biased toward BCSS overestimation, the BCSS ratio between 
HR+/HER2− and HR+/HER2+ cohorts is unlikely to be 
affected. Lastly, the analysis was limited to patients with de 
novo metastatic disease (ie, incident stage IV breast cancer 
cases) because SEER registries do not track recurrences in 
patients who had an initial early-stage breast cancer diagno-
sis but later progressed to mBC.

Conclusion

Using one of the largest US population-based longitudinal 
datasets, we observed significant improvements in BCSS 
post-2015 versus pre-2015 in patients with HR+/HER2− de 
novo mBC in contrast with nonsignificant improvements in 
BCSS post-2015 in patients with HR+/HER2+ de novo 
mBC. Similar results were found in the subgroup of patients 
aged ≥ 65 years. Although the limitations of the current anal-
ysis prevent attribution of the change in BCSS to specific 
treatments, advances such as the introduction of CDK4/6 

inhibitors for treating HR+/HER2− mBC may have contrib-
uted to population-level improvement in BCSS over time. 
As the current study assessed survival early after CDK4/6 
inhibitor introduction, there is a potential for further survival 
improvement as the use of these treatments becomes more 
widespread. Future studies that include more recent years, 
longer follow-up periods, and treatment-pattern data are 
needed to verify the effectiveness of CDK4/6 inhibitors in 
patients with HR+/HER2− mBC on a US population level.
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