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Abstract

Background Breast cancer remains a major global health concern. This study aims to assess the epidemiological
trends of breast cancer, with a focus on mortality rates, primary risk factors, and their associations with age, time
period, and birth cohort.

Methods Mortality data were obtained from the Global Burden of Disease Study 2021. An age-period-cohort model
was employed to analyze trends in breast cancer mortality and its primary risk factors.

Results Globally, breast cancer outcomes remained poor between 1992 and 2021, with an estimated 660925.3
deaths in 2021. Mortality rates declined significantly in high and high-middle socio-demographic index (SDI)
countries [-1.56%, 95% Cl (-1.7 to -1.43)], [-1.03% (-1.11 to -0.94), respectively], but increases markedly in low-middle
SDI countries [1.18% (1.13 to 1.23)], with little change in other regions. A global shift in breast cancer-related deaths
from younger to older age groups was observed, and mortality increased sharply with advancing age. Positive period
and cohort effects were primarily seen in high and high-middle SDI countries, whereas adverse effects were more
common in lower-SDI regions. Diets high in red meat emerged as the leading risk factor for breast cancer mortality
worldwide, although favorable trends were noted in high and high-middle SDI countries.

Conclusions Despite a global decline in breast cancer mortality, many countries continue to experience unfavorable
period and cohort effects. A notable rise in mortality among individuals aged 80 and older was observed across all
SDI quintiles, underscoring the urgent need to strengthen healthcare systems for aging breast cancer populations
worldwide.
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Introduction

Breast cancer is the most prevalent cancer among
women, accounting for approximately one in every eight
cancer diagnoses. In 2022, there were 2.31 million new
cases globally, making up 11.6% of all cancers cases. It is
also the leading cause of cancer-related deaths in women,
with 0.67 million deaths, or 6.9% of all cancer deaths [1,
2].

Over the past three decades, advancements in early
detection, treatment, and awareness have influenced the
incidence, mortality, and survival rates of breast cancer
[3]. However, these improvements are not uniform, with
notable disparities observed between high- and low-to-
middle-income countries [4, 5]. Understanding temporal
trends in breast cancer mortality is crucial for evaluating
the effectiveness of cancer control strategies, anticipat-
ing future healthcare demands, and informing evidence-
based policymaking. In particular, the age-period-cohort
(APC) analytical framework allows researchers to dis-
entangle the independent contributions of biological
aging (age effect) [6], historical and medical advance-
ments (period effect) [7], and generational exposure to
risk factors or interventions (cohort effect) [8]. Despite
numerous reports on the global burden of breast can-
cer, few studies have provided a comprehensive analysis
of long-term mortality trends using APC models at the
global, regional, national and all-age levels [9, 10, 11, 12,
13]. Moreover, the implications of these epidemiologi-
cal shifts for public health remain underexplored, par-
ticularly in light of emerging challenges such as declining
fertility rates, population aging, and rising interest in per-
sonalized and precision medicine. The primary objective
of this study is to (1) quantify long-term global, regional,
and national mortality trends in breast cancer from 1992
to 2021 using APC modeling based on the Global Bur-
den of Diseases, Injuries, and Risk Factors Study (GBD)
2021 dataset, (2) identify disparities by sociodemo-
graphic index (SDI) regions/age groups, and (3) evaluate
the impact of modifiable risk factors (e.g., diet) to inform
targeted interventions. By quantifying the effects of age,
period, and cohort across diverse regions and sociode-
mographic contexts, this study aims to generate evidence
that may guide future research, public health initiatives,
and policy decisions in the era of demographic transition
and precision oncology.

Materials & methods

Age-period-cohort modelling analysis of mortality data
This study employs an age-period-cohort (APC) model
to examine mortality trends across age, period, and birth
cohort. The APC model quantifies the contributions
of age-related biological factors, as well as technologi-
cal and social influences on disease patterns, extending
beyond traditional epidemiological analyses [14]. It has
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been widely applied in descriptive epidemiology, particu-
larly for chronic diseases such as cardiovascular and can-
cer conditions [13, 15].

The model fits a log-linear Poisson regression over
a Lexis diagram to estimate the additive effects of age,
period, and cohort. However, due to the exact linear
dependency among these factors (birth cohort=period—
age), their independent effects cannot be directly esti-
mated, known as the “identification problem.” To address
this, we derive estimable APC parameters without impos-
ing arbitrary constraints. The model is implemented in R
using publicly available tools, following established meth-
odologies [16].

Input data included GBD 2021 estimates of breast can-
cer deaths, along with population data for each region
or country. Detailed input data, including 16 age groups
(from 15 to 19 to 90-94) and 21 partially overlapping
10-year birth cohorts, are provided in Supplementary
Table S1. The APC model outputs included: (1) net drift
(overall temporal trend expressed as annual percent-
age change in death rate), (2) local drift (temporal trend
within each age group), (3) age effect (longitudinal age-
specific rates adjusted for period deviations), (4) period
effect (relative risk of each period compared with the ref-
erence period), and (5) cohort effect (relative risk of each
cohort compared with the reference cohort). The 2002—
2006 period and 1948-1956 cohort were set as reference
points in this study. Trend significance was assessed via
Wald chi-squared tests.

Additional APC model outputs included fitted longi-
tudinal age-specific rates adjusted for period deviations
(age effects) and relative risks of mortality for each period
and cohort. Relative risks were computed as the ratio of
age-specific rates in each period (or cohort) to a reference
period (or cohort), with the net drift fully incorporated.
The choice of referent period or cohort was arbitrary and
did not affect interpretation.

Statistical analysis

All statistical analyses were conducted using R (version
4.1.0), with p-values < 0.05 considered statistically signifi-
cant. The detailed methods are available at supplemental
material.

Results

Global and regional burden trends in breast cancer from
1992 to 2021

In 2021, the global estimated number of deaths from
breast cancer was 660.93 thousand (95% UI 609.17 to
707.18, Table 1). Table 1 presents global and regional
breast cancer mortality data for 2021, including all-age
rates, age-standardized rates (ASRs), and net drifts from
1992 to 2021. Figure 1 and Supplementary Figure S1
illustrate mortality rates (both all-age and ASRs) in 2021



Page 3 of 13

(2025) 25:1599

Fu et al. BMC Public Health

(611 01860)6
QLo vy
(6001890
(LE10Y60) ¥
@SE 790) 690
(66'0 0} LO'0-) 6¥°0
(£50-0} Rw.o‘v ¢L0-
(L1'1 0YZ60) 20'L
(€TC0Y100) C

) 60
) v
;S
) ¥
)
v

/18T 0Y69°81) L0'EC
OF' LT O} ¥9TT) €61
€9€70YTS/1) 8L°0T
9LYT OV TLYL) €481
7S1T oV oLy TLLL
169 Oy p¥'81) CTTC
(#0101659) 8¢'8
(8TSLOIYSLL) vTEL
(6£€L0¥6L01) Tl

(
(
(
(
(
(

(LI€L 0 ¥08) ¥E0L
(€977 01 7S'8L) L¥0T
(6801 038£)CL'6
(86'L1 0} £9) 506
(687 0195'S1) 9.8l
(SP/10¥8SLL) ELYL
(€09L 03 ZL0L) L6TL
(6£€101910L) S9'LL
(8LL101/8)S86

(ST'1ZOEE 01 S¥'69107) 8'9¢65¢C
(9T°€0€6 01T L192) TOTLY8
(COveeEC 01 ELLLL91) LOLES6L
(PS'L1Z8 01 TTE6SY) €' €079
(S9°EE86L 01 66'S9TYS) LELEVSI
(€6'SL1101/008L) €756
(SE¥BESLL O} ££°'67CEL) 691966
(P1°£8T1TL ©16£900¢6) £0'L6¥501
(91'605€€ 01 £65097) 89'CTS6C

D1y URIRYRS-gNG UISISI
eOLJY URIeYRS-gNS UIayINos
D1y UBIRYRS-gNG UISIse]
D1y URIRYRS-gNG [RAUDD
RISy 15eaYIN0S

EVI=ERle)

eIsy 153

BISY L3NOS

1523 3|PPIN PUB B2y YLON

(¥00 01 0-) 80°0- (081 01 £'51) 9691 (16’12 0190°61) 790C (££°88YST 01 ¥9'|81TT) L'886EC edpsWy upe [eaidosl
(87003 LT'0) SE€0 (851 0¥8CTL) 901 (649103 20€L) 161 (LO'SZL1T 0} 89%8891) S6'0£€61 eOLIBWIY UfeT [enuaD)
(S¥°001500-) T0 (60°€2 03 L591) 7961 (V2T 019961) ZE€T (T1'€L59 01 8L9LLY) £G5°€65S ueaqqued
(500 03 8%°0-) CZ0- (€€9101701) L6TL (6551 01SL6) YETL (9L'9PLS 01 §8617€) St/0F OLBWIY Ul}eT uespuy
(S£1-01907) L6'L- (LI'610¥SL9L) LO'8L (SP 01 E8'SE) €411 (8£°060001 0} 7§'£696/) T5'8T8T6 adoing wisisapm
(9£°0-0381'L-) L60- ({777 01 69'81) 6507 (LT1€019857) 5/'8C (6867801 0 ¥6'5568) T+'5566 eOLBUIY U[}eT] WayInos
(691-0156'1-) T8 L- (€641 0V ¥SS1) TOLL (CTec 01 66'£0) TELE (V171579 0} LEH897S) SE££68S EDLIDWY YHON dwodul-ybiH
(84003 Z€0) S50 (98'6 0} 97'8) 96 (8E€C OIS/ /1) EE1T (1£'8107C O} ¥T61£91) ST'8800C dided eIsy awodul-ybiH
(8%°1-01/5T) €0°C- (9T/1 0189€L) €561 (6L1E01€9€7) €9/C (TL/8Y 01 569€) 1S6LEY eisejelisny
(€8°0-0397 1) ¥O'L- (CL610v61/SL) LELL (€9°9¢ 01 €6'80) ¥'CE (€0°70S0 03 18'8861€) T'£T8S¢E adoing ussisey
(L0- 03 S6'07) LLO- (86'LZ 03 ¥5'81) 9T0C (596 03 £8€) 80°TY (L¥'6/69T O} €1°€£97T) £1'698%C adoing [eua)
(90-0120°1-) 180- (LESL OV IPTL) €8°EL (LTSL O PTTL) 69€L (@Q9vLEL 01 1'016S) L1'8099 eISY [eUaD
(¥£0-03 L¥'0-) 80~ (9551 0¥ SHEL) SSHL (6621 016¥°S1) 1891 (98'18LL0L Oy € L£1609) €576099 lefe[>)
% ‘(1D %56) YUp 1N (1IN %S6) 000 001 12d sYSY (IN %S6) 000 001 42d d3e4 dbe-||y (IN %S6) 42quinN suoibay

[AISIUI 22USPYUOD 9556 ‘D %S6 ‘S|eAsaiul
AUIBLISOUN 956 "IN %S6 "1 70T O3 766 | Woj ‘'Uoibal aseasip Jo uaping [eqolb A ‘000°00 | 1od (SYSy) saiel pazipiepue)s abe Ul JUp 32U pue |0z Ul 192Ued isealq Joj syiesd L ajqeL



Fu et al. BMC Public Health (2025) 25:1599 Page 4 of 13

All ages mortality rate in 2021
(per 100000 persons)

2010120

12010 24.0
24010 46.0
46.01089.0

Caribbean and central America Persian Gulf Balkan Sotheast Asia West Africa Eastern
Peninsula Mediterrane:

y o,

‘\s».of -

~

Estimated annual change of
mortality*(% per year)

-30t0-15

-15t05
051020
201050

Caribbean and central America Persian Gulf Balkan Sotheast Asia West Africa Eastern
Peninsula Mediterrane:

“\ |
(J

!?\,_;
3.

I

Northern Europe

Fig. 1 All-age mortality in 2021 and net drift of mortality during 1992-2021 for breast cancer in 204 countries and territories. (A) World map of all-age
mortality for breast cancer in 2021. (B) World map of net drifts (estimated annual percentage change of mortality from the age-period-cohort model) for
breast cancer mortality
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Fig. 2 Age distribution and APC-analysis of breast cancer mortality by SDI quintiles, 1992-2021. (A) Temporal change in the relative proportion of
breast cancer deaths across 16 age groups, 1992-2021. (B) Age-period-cohort model-derived estimates of local drifts of breast cancer mortality for 16
age groups, 1992-2021. The dots indicate the annual percentage change of breast cancer mortality (% per year), and the shaded areas indicate the cor-
responding 95% Cls. (C) Age effects are represented by the fitted longitudinal age curves of breast cancer mortality (per 100 000 person-years) and the
corresponding 95% Cls. (D) Period effects are represented by the relative risk of mortality of each period compared with the reference (period 2002-2006)
adjusted for age and nonlinear cohort effects and the corresponding 95% Cl. (E) Cohort effects are represented by the relative risk of mortality of each
cohort compared with the reference (cohort 1948-1956) adjusted for age and nonlinear period effects and the corresponding 95% ClI. SDI, socio-demo-

graphic index; Cl, confidence interval

across countries, as well as their net drifts over 30 years.
In 2021, the global all-age mortality rates per 100,000
were 16.81, with an ASR of 14.55. From 1992 to 2021,
mortality has declined slightly {net drift = -0.38%, [95%
confidence interval (CI): -0.41 to -0.34] (Table 1).

Breast cancer mortality has decreased modest in half of
the regions, except in High-income Asia Pacific, Central
Latin America, South Asia, Southeast Asia and Africa.
North Africa and Middle East experienced the high-
est increase in mortality [2.12%, (2.01 to 2.23)], followed
by Southern Sub-Saharan Africa [1.44%, (1.12 to 1.76)]
and Western Sub-Saharan Africa [1.09%, (0.98 to 1.19)].
Regions such as Andean Latin America, Tropical Latin
America, the Caribbean, Southeast Asia, and Oceania
reported no improvement (Table 1), underscoring the
need for better breast cancer management in these areas.

All-age mortality was higher than the ASR in high,
high-middle, and middle SDI regions but reversed in
other regions. These findings suggest that all-age mor-
tality is a more accurate reflection of the true burden of
breast cancer mortality in middle and high SDI regions.
The APC model showed a global negative net drift, with
significant declines in high SDI countries [-1.56% (-1.7 to
-1.43)] and high-middle SDI countries [-1.03% (-1.11 to
-0.94)], significant increases in low-middle SDI countries
[1.18% (1.13 to 1.23)], and minimal change elsewhere
(Supplementary Table S2).

National burden trends in breast cancer mortality

Among 204 countries and territories, 109 reported at
least 500 breast cancer deaths in 2021. Detailed data for
these countries, including total deaths, all-age mortality,
age-standardized mortality, and APC-derived net drift,
are provided in Supplementary Table S3. China [88,107
deaths, (95% UI 68,163 to 110,341)], India [78,879,
(66,512 to 94,204)], and the USA [52,869, (47,359 to
56,161)] accounted for one-third of global breast cancer
deaths. In 2021, 24 of these countries, predominantly
high or high-middle SDI regions, had all-age mortality
rates exceeding twice the global average. Additionally, 62
countries showed increasing trends (net drifts>0.0% per
year), with 24 countries exhibiting substantial increases
(net drifts>1.0% per year). Turkey recorded the highest
net drift [4.75%, (95% CI 4.33 to 5.18)] from 1992 to 2021.
In contrast, countries like the Norway, Denmark, and

United Kingdom demonstrated significant declines (net
drifts < - 1.0% per year) in mortality.

Time trends in breast cancer mortality across age groups
The time trends in breast cancer mortality across age
groups over the past 30 years highlight a clear shift in
the age distribution of breast cancer deaths. As shown in
Fig. 2A, there has been a notable transition from younger
to older populations, particularly in those aged > 80 years.
This trend is most pronounced in high and high-mid-
dle SDI countries. By 2021, individuals aged>70 years
accounted for the largest proportion of breast cancer
deaths across all SDI regions. However, in low, low-mid-
dle, and middle SDI regions, breast cancer mortality in
individuals under 55 years remains significant and war-
rants attention. Detailed age distribution data for breast
cancer deaths in each country are available in Supple-
mentary Figures S2-S6.

Age, period, and cohort effects

The annual percentage change in breast cancer mortal-
ity across age groups was analyzed using the local drift
derived from the APC model (Fig. 2B). The global trend
showed an increase in breast cancer mortality in those
aged <34 years, while mortality significantly decreased
in those aged>35 years (Supplementary Table S4). The
age groups 15—19 and 80-84 years exhibited the steepest
increases [local drift=1.35% (0.84 to 1.86)] and decreases
[local drift = -0.75% (-0.80 to -0.69)], respectively. In all
age groups, breast cancer mortality increased in low and
low-middle SDI regions. However, in high and high-mid-
dle SDI countries (except for those aged 90-95), mortal-
ity decreased. Notably, high SDI regions experienced the
greatest reductions in breast cancer mortality for age
groups < 64 years, with reductions ranging from —2.17%
(-2.31 to -2.03) in the 40—44 years group to -1.52% (-1.59
to -1.45) in the 60—64 years group (Supplementary Table
S4). Detailed local drift data for breast cancer mortality
in each country can be found in Supplementary Figures
S7-S11.

Age effects reflect the natural progression of breast
cancer mortality. Period and cohort effects illustrate
its progression across different time periods and birth
cohorts, respectively [15]. Similar age-related trends were
observed globally and across SDI quintiles, indicating
that the risk of breast cancer mortality increases with age.
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Fig. 3 Exemplar countries across SDI quintiles showing favorable (A) and unfavorable (B) age-period-cohort effects. Age distribution of deaths from
1992 to 2021 shows the relative proportion of breast cancer deaths across 16 age groups (15-19 to 90-94 years). Local drifts show the fitted longitudinal
age curves of breast cancer mortality (per 100 000 person-years) across 16 five-year age groups (15-19 to 90-94 years) and the corresponding 95% Cls.
Age effects show the fitted longitudinal age curves of breast cancer mortality (per 100 000 person-years) and the corresponding 95% Cls. Period effects
show the relative risk of mortality of each period compared with the reference (period 2002-2006) adjusted for age and nonlinear cohort effects and the
corresponding 95% Cl. Cohort effects show the relative risk of mortality of each cohort compared with the reference (cohort 1948-1956) adjusted for age
and nonlinear period effects and the corresponding 95% Cl. SDI, socio-demographic index; Cl, confidence interval

Notably, high SDI regions had the highest breast cancer
mortality rates in those aged =55 years (Fig. 2C, Supple-
mentary Table S4).

Global period effects showed a declining mortality risk
before 2017, but this reduction reversed in the past 5
years (Supplementary Table S5). However, trends differed
across SDI regions. In countries with middle SDI, period
effects remained stable over the past 30 years, indicating
limited improvement in breast cancer mortality. In high
and high-middle SDI regions, a significant reduction in
mortality was observed, with a relative period risk of
0.82 (0.80 to 0.84) and 0.85 (0.83 to 0.86) in 2017-2021,
respectively. In contrast, low and low-middle SDI coun-
tries saw an increase in mortality risk [1.22 (1.20 to
1.24) and 1.21 (1.20 to 1.23) in 2017-2021, respectively]
(Fig. 2D, Supplementary Table S5).

Globally, breast cancer mortality decreased for those
born before 1968, but trends reversed in subsequent
cohorts, indicating a lack of improvement in disease con-
trol. Different patterns were observed across countries
with varying SDI levels. In high and high-middle SDI
regions, improvements in disease control were evident.
However, in low, low-middle, and middle SDI regions, no
progress was made, underscoring the need for stronger
efforts in these countries (Fig. 2E, Supplementary Table
S6). Age, period, and cohort effects on breast cancer
mortality for each country are shown in Supplementary
Figures S12-526.

Age, period, and cohort effects in exemplary countries
To explore breast cancer mortality trends, exemplary
countries from different SDI quintiles were selected, and
the age distribution of breast cancer deaths, local trends,
and age/period/cohort effects were analyzed (Fig. 3).

Six countries from high, high-middle, and low-middle
SDI regions were selected to illustrate favorable APC
effects (Fig. 3A, B). The USA had the top high number
of breast cancer deaths in 2021 (Supplementary Table
S3), but mortality improved over the past 30 years, with
reduced local drifts in those aged <90 years, decreased
period risks before 2021, and declining cohort risk for
those born after 1919. UK, saw a great improvement in a
net drift of -2.37% (-2.68 to -2.05). Germany, ranking sev-
enth in global breast cancer deaths, mortality decreased
in all age groups except those >90 years, with period and
cohort risks also showing a downward trend, particu-
larly after 1914. Italy, the leading country in breast cancer

deaths in European in 2021, showed favorable trends over
the past three decades, with the age distribution shifting
towards those>90 years. Similarly, Israel and Tajikistan
underwent an age distribution transition, with declining
risks throughout the study period.

Unfavorable APC effects were clearly observed in two
high-SDI and one high-middle SDI and three low-mid-
dle SDI countries (Fig. 3B). Japan was atypical high-SDI
countries, with significantly increased breast cancer mor-
tality, with significant increases in mortality across all
age groups except for those aged <50 years, along with
worsening risks over the periods and in successive birth
cohorts. The APC effects on the United Arab Emirates
(UAE) was similar to Japan. Malaysia had the top worst
breast cancer mortality rate globally (Supplementary
Table S3), with a net drift of 0.84% (0.44 to 1.25), reflect-
ing a 25.2% increase from 1992 to 2021. The other three
low-middle SDI countries (Egypt, Nigeria, and India)
exhibited similar transitions in the age distribution of
breast cancer deaths and unfavorable APC effects, with
a notable rise in breast cancer mortality among those
aged >40 years, along with worsening risks over the peri-
ods and in successive birth cohorts. Notably, all six coun-
tries with unfavorable APC effects were located in Asia
and Africa, highlighting the need for enhanced breast
cancer management in Asian and African countries.

Top leading risk factor and its age, period, and cohort
effects

The top three risk factors for breast cancer deaths in
1992 and 2021 were examined, with diet in red meat
consistently ranking first. From 1992 to 2021, the all-age
mortality rate due to diet in red meat rose by 21.7% (21.0-
29.3), while the age-standardized mortality rate dropped
by 16.4 (-16.9 to -12.5) (Fig. 4A). This discrepancy may
reflect changes in the population’s age structure over
time.

The APC model was applied to assess the annual per-
centage change in breast cancer mortality due to diet
in red meat across different age groups, as well as the
age, period, and cohort effects. Significant improve-
ments were observed in those under 50 years of age,
especially in high SDI regions, where the mortality rate
due to diet in red meat decreased (local drift < -1.0%) in
most age groups. However, no such improvements were
seen in lower SDI regions (Fig. 4B). Globally and across
SDI quintiles, breast cancer mortality due to diet high
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in red meat increased with age and was higher as age
grew (Fig. 4C). Positive period and cohort effects were
only noted in high and high-middle SDI regions, while
other SDI quintiles showed no significant improvement
(Fig. 4D, E), highlighting the need for better diet in red
meat control in these regions.

Discussion

Breast cancer remains the leading cause of cancer-related
deaths among women [1, 2]. Our analysis reveals that, in
some countries, breast cancer mortality rates have either
stagnated or worsened, particularly in Asian and African
nations. Additionally, we observed a clear shift in breast
cancer mortality from younger to older age groups, with
this trend being more pronounced in higher SDI coun-
tries. Notably, the innovative use of the APC model in
this study led to several important insights: (1) Tradi-
tional all-age rates and ASR may not align with the net
drift observed through the APC model; (2) Breast cancer
mortality generally increased exponentially with age; (3)
Local drift, period effects, and cohort effects varied sig-
nificantly (either favorable or unfavorable) across differ-
ent SDI regions and countries; and (4) Diet in red meat
emerged as the leading risk factor for breast cancer mor-
tality, showing positive APC effects in high and high-
middle SDI regions.

This study compared various metrics, including tradi-
tional all-age rates/ASRs and estimates derived from the
APC model, to provide a comprehensive understanding
of the disease burden of breast cancer. Notably, in eco-
nomically advanced regions and countries, the all-age
rates for breast cancer mortality were generally higher
than the ASRs (Table 1, and Supplementary Table S2),
which contribute the majority of breast cancer cases.
These findings can be attributed to the older populations
and improved access to healthcare interventions, which
enhance survival rates. Consequently, the all-age rate
likely provides a more accurate representation of breast
cancer in these regions, while reliance on ASRs may be
misleading. Furthermore, the breast cancer burden and
its risk factors are influenced not only by physiological
age (age effect) [6], but also by health policies, techno-
logical advances (period effect) [7], and early diagnosis or
treatment (cohort effect) [8]. This highlights the impor-
tance of distinguishing between period and cohort trends
when analyzing breast cancer mortality.

Breast cancer mortality exhibited an exponential
increase with age (Fig. 2C), suggesting a strong correla-
tion between a country’s mortality rate and its degree
of population aging. Typically, economically advantaged
countries experience more advanced aging compared
to economically disadvantaged countries, which may
explain the higher breast cancer mortality observed in
these regions (Supplementary Figure S5, S6), as well as
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the greater proportion of deaths among the aging popu-
lation in higher SDI countries (Fig. 2A). However, breast
cancer poses a significant health burden in lower SDI
countries experiencing noticeable aging trends, par-
ticularly in populous nations like China (Supplemen-
tary Table S3). As the world’s most populous country
(1.42 billion), China is confronted with the challenges
of an aging population, with the number of older adults
growing exponentially. By 2050, the number of Chinese
citizens aged over 65 is expected to reach 400 million,
with 150 million of them aged over 80 years [17].

China’s rapidly aging population, coupled with declin-
ing birth rates [18], underscores the urgency of adapting
breast cancer management to demographic shifts. Our
data showing increased mortality in those aged =70 years
(Fig. 2A) suggest that geriatric oncology services must
be expanded, including comorbidity management and
palliative care integration. Simultaneously, rising mor-
tality in younger women (<55 years) in low- and middle-
income countries (LMICs) demands policies to address
disparities in access to HER2/HR testing and affordable
trastuzumab biosimilars, as proposed in India’s National
Cancer Grid [19].

In light of the evolving landscape of breast cancer
diagnosis and therapy, it is crucial to interpret our epi-
demiological findings not only in terms of incidence and
mortality trends but also their implications for clinical
practice, health system preparedness, and medico-legal
responsibilities. As the population ages and fertility
rates continue to decline [20], the burden of breast can-
cer in older and more comorbid patients increases,
necessitating more nuanced, individualized therapeutic
approaches.

Tailored treatment strategies are essential in reducing
overtreatment and undertreatment, which may result
in suboptimal outcomes or even potential malpractice
claims if clinical decisions do not align with current prog-
nostic knowledge. The integration of molecular insights
with epidemiological trends opens new avenues for pre-
cision medicine and tailored treatment in breast can-
cer management. Our findings highlight several critical
directions for future research. First, regarding molecular
subtypes and epidemiological dynamics, the observed
disparities in age-specific mortality may reflect varia-
tions in subtype prevalence. For example, triple-negative
breast cancer (TNBC) disproportionately affects younger
women in LMICs [21, 22]. This subtype’s unique age dis-
tribution could amplify mortality trends in LMICs, where
delayed diagnosis and limited access to targeted therapies
exacerbate outcomes. Future studies should stratify APC
analyses by molecular subtypes to clarify their interac-
tions with age, period, and cohort effects, enabling sub-
type-specific prevention strategies. Second, regarding
non-coding RNAs (ncRNAs) as emerging biomarkers,
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Fig. 4 Leading three risk factors for global breast cancer deaths and APC-derived parameters for mortality attributable to diet in red meat. (A) Leading
three risk factors for global breast cancer deaths and percentage of total deaths (1992 and 2021), and percentage change in all-age and age-standardized
mortality from 1992 to 2021. Risk factors are connected by lines between time periods. (B) APC model-derived estimates of local drifts of breast cancer
mortality for 14 age groups (25-29 to 90-94 years), 1992-2021. The dots indicate the annual percentage change of CAVD mortality (% per year), and the
shaded areas indicate the corresponding 95% Cls. (C) Age effects are represented by the fitted longitudinal age curves of breast cancer mortality (per
100 000 person-years) and the corresponding 95% Cls. (D) Period effects are represented by the relative risk of mortality of each period compared with
the reference (period 2002-2006) adjusted for age and nonlinear cohort effects and the corresponding 95% Cl. (E) Cohort effects are represented by
the relative risk of mortality of each cohort compared with the reference (cohort 1948-1956) adjusted for age and nonlinear period effects and the cor-
responding 95% Cl. Age, period, and cohort effects are stratified by sex. APC, age-period-cohort; SDI, socio-demographic index; Cl, confidence interval

recent advances in genomics have identified ncRNAs—
such as microRNAs (miRNAs) Y RNAs and long non-
coding RNAs (IncRNAs)—as promising biomarkers for
early detection, prognosis, and therapeutic response pre-
diction [23, 24]. For example, Qian et al. demonstrated
that circulating miRNAs (e.g., miR-21 and miR-155) are
robustly associated with breast cancer aggressiveness
and metastasis [25]. Similarly, Zhang et al. highlighted
the role of IncRNAs (HOTAIR) in modulating treatment
resistance [26]. Incorporating ncRNA profiling into pop-
ulation-level datasets could refine risk stratification and
personalize screening protocols, particularly for high-risk
cohorts identified through APC models. Third, regard-
ing integrating genomic and population-level data, the
APC framework traditionally relies on demographic and
clinical variables, but integrating genomic data could
unravel the biological underpinnings of observed trends.
For instance, cohort effects may correlate with histori-
cal shifts in environmental exposures (e.g., endocrine
disruptors) that interact with genetic susceptibility loci
(e.g., BRCA1/2) [27]. Large-scale initiatives, such as the
integration of whole-genome sequencing with national
cancer registries, could elucidate how genetic variants
modulate period- or cohort-specific risks. Furthermore,
multi-omics approaches (e.g., epigenomics, proteomics)
may enhance the APC model’s capacity to predict emerg-
ing trends, such as the rising incidence of hormone
receptor-positive cancers in aging populations.
Moreover, similar molecular approaches are being
explored across a range of neoplastic conditions, includ-
ing ovarian, lung, and colorectal cancers, underscoring
their broader applicability [23]. Comparative analysis
suggests that countries implementing evidence-based
precision oncology guidelines are seeing earlier detection
and better treatment alignment [28], which may translate
into more favorable long-term epidemiological trajec-
tories. These observations highlight the importance of
aligning public health policies with rapidly evolving diag-
nostic technologies and individualized care frameworks.
While these innovations could mitigate mortality dis-
parities by enabling early detection and personalized
treatment, particularly in low-resource regions where
late-stage diagnoses prevail. However, equitable access
to such technologies remains a challenge, necessitating
policy reforms to address cost barriers and infrastructure

gaps. Collaborative efforts between epidemiologists,
molecular biologists, and policymakers will be essential
to translate these insights into actionable clinical guide-
lines, as exemplified by China’s recent inclusion of HER2
testing in public health insurance to reduce financial bar-
riers [29].

Furthermore, the implementation of personalized
therapies raises complex ethical challenges [30]. A criti-
cal example is fertility preservation for premenopausal
patients, where informed consent processes must
account for cultural conflicts between individual auton-
omy and familial norms (e.g., East Asian collectivist soci-
eties prioritizing lineage continuity) [31, 32]. With global
declines in birth rates and accelerated population aging,
the psychosocial impact of treatment-induced infertility
requires urgent attention [33]. LMICs should adapt fer-
tility counseling guidelines from high-income settings,
accounting for local resource constraints.

Failure to adopt tailored therapies (e.g., PARP inhibi-
tors for BRCA-mutated patients) in LMICs (e.g., India)
[34] not only worsens outcomes but may also trigger mal-
practice claims, as seen in litigation over delayed genetic
testing in the USA [35]. To address this, we propose: (1)
context-specific consent training for oncologists, incor-
porating legal risk scenarios; (2) leveraging telemedicine
to expand genetic counseling access in LMICs. By inte-
grating these molecular, clinical, and societal dimen-
sions, our findings provide an essential epidemiological
foundation to inform forward-looking breast cancer care
strategies, not only in China but also in other countries
facing similar demographic and health system challenges.
In addition, diet in red meat has recently been identified
as a risk factor for the development of various cancer
diseases, including breast cancer [36]. As a result, there
has been a significant increase in awareness regard-
ing red meat diet control. In response, both countries
and individuals have implemented measures that have
contributed to the dieting high in red meat control rate,
particularly in high SDI countries [37]. This trend aligns
with the favorable effects observed in high SDI regions
in the present study. However, the control rate in other
regions, particularly in LMICs, remains relatively low and
requires more stringent management [38].

This study had several limitations. First, primary data
were scarce in LMICs, leading to broad uncertainty
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bounds and affecting the precision of the APC-derived
estimates. To enhance research accuracy, primary data
collection in LMICs should be prioritized. Second, the
analysis was conducted at the national level, without
exploring subnational variations. Therefore, future stud-
ies should incorporate subnational data to capture more
detailed differences, particularly in high-burden coun-
tries. Third, due to the 5-year age group data in the GBD
2021, the APC analysis was limited to 5-year intervals,
potentially overlooking finer variations in age, period,
and cohort effects.

This study provided a comprehensive analysis of breast
cancer mortality, a growing concern in aging populations.
In many countries, mortality rates have either stagnated
or worsened, particularly among the older population,
where mortality continues to rise. As the global popula-
tion ages, the increasing burden of breast cancer mortal-
ity warrants urgent attention. These findings underscore
the need for more effective and timely strategies to miti-
gate the growing impact of this disease.
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