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Abstract

Background
Ecological evaluations of mammography screening are confounded by birth-cohort effects and
concurrent advances in treatment. We examined the age-period-cohort (APC) structure of breast cancer
mortality in Japan and quantified how much screening exposure varies independently of that structure.

Methods
Deaths among Japanese women aged 30–84 years in 1960–2024 were tabulated by 5-year age group
and period and analysed with Holford’s identifiable APC model and quasi-Poisson errors. Screening
eligibility (≥ 50 years from 2000; ≥40 years from 2004) was added as an age × period interaction, as
binary or cumulative eligibility with lags of 0, 5 and 10 years. Separability was quantified as the R² of
exposure on the APC terms. Incidence for 1976–2020 was analysed on the same grid.

Results
Among 437,134 deaths, the age-cohort model fitted far better than the age-period model (deviance 389.2
vs 9,041.8). The cohort deviation from the log-linear trend peaked in women born around 1950 (rate ratio
[RR] 1.51; 95% CI, 1.47–1.54). Incidence, including three high-quality regional registries, shared this peak
less markedly than mortality (RR 1.22 vs 1.43, 1976–2020). APC terms explained 91% to > 99% of the
variation in screening exposure. With a 10-year lag, eligibility was not associated with mortality (RR
1.005; 0.971–1.040); across definitions, RRs ranged from 0.955 to 1.196.

Conclusions
Non-linear changes in breast cancer mortality in Japan were aligned mainly with birth cohort. Less than
10% of the variation in screening exposure was independent of the APC structure, so its effect cannot be
reliably estimated from national statistics; individual-level linked data are needed.

Introduction
Breast cancer is the most frequently diagnosed cancer among Japanese women, and annual deaths
increased from about 1,700 in 1958 to about 15,900 in 2024 [1]. Age-standardised mortality rose
throughout 1963–2006 [2], and by 2008 a downturn was seen only in women younger than 50 years [3].
Mortality has fallen steadily in Western countries since around 1990, whereas in Japan it has declined
only slowly or continued to rise [4].
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Japan’s population-based screening programme developed in stages. Clinical breast examination for
women aged 30 years or older was introduced in April 1987 [5, 6]. Biennial mammography was added for
women aged 50 years or older in April 2000 [7], and in April 2004 the lower age limit was raised to 40
years and mammography became the standard test [8]. Participation in the municipal programme has
remained low, and much screening takes place in workplace or opportunistic settings.

Randomised trials show that invitation to mammography screening reduces breast cancer mortality [9,
10], and large reductions were reported after organised screening in Sweden [11]. Such trials will not be
repeated in Japan, so evaluation must rely on observational data, often ecological analyses of mortality
trends [12, 13]. Their interpretation is difficult because screening was introduced at the same time as
major advances in systemic therapy, and because breast cancer risk differs strongly between birth
cohorts [14].

Age-period-cohort (APC) models are the standard tool for separating these influences [15–17], but
because cohort equals period minus age, only non-linear components are identifiable. A previous APC
analysis of Japanese breast cancer mortality used the intrinsic estimator, whose constraint determines
how a linear trend is divided between period and cohort, and attributed the trend mainly to period effects
[18]. Incidence has continued to rise in successive cohorts born after 1950 [19]. Because screening
eligibility in Japan was defined entirely by age and calendar year, an APC model leaves little independent
variation from which a screening effect could be estimated, yet previous ecological evaluations have
rarely measured how much remains.

This study had two aims: to describe the APC structure of breast cancer mortality in Japan with an
identifiable parameterisation, and to quantify how much of the variation in mammography screening
exposure remains independent of that structure, and hence whether a screening effect can be estimated
from national statistics.

Materials and Methods

Data and Lexis table
Annual deaths with breast cancer as the underlying cause among Japanese women, by 5-year age group,
and mid-year populations were obtained from the national dataset compiled by the National Cancer
Center Japan from the Vital Statistics of Japan (1958–2024) [1]. Breast cancer was coded as ICD-7 170,
ICD-8 174, ICD-9 174–175 (code 175, male breast, contributes no deaths among women) and ICD-10
C50. Deaths and person-years were tabulated in 11 five-year age groups (30–34 to 80–84 years) by 13
five-year periods (1960–1964 to 2020–2024), defining 23 overlapping 10-year synthetic birth cohorts
(1880–1990). Women aged 85 years or older were excluded because the open-ended interval cannot be
assigned to a cohort. The study used publicly available aggregate data and did not require ethics review.

Age-period-cohort model
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Deaths were modelled with log-linear Poisson regression with log person-years as offset, using Holford’s
parameterisation [15]: log µ(a,p) = log N(a,p) + α(a) + δ·p + π̃(p) + γ̃(c), where α is the age effect, δ the net
drift, and π̃ and γ̃ are period and cohort deviations from linearity, constrained to sum to zero and to be
orthogonal to a linear trend. Deviations are reported as rate ratios (RRs) relative to the log-linear trend
with 95% confidence intervals (CIs), and net drift as an annual percentage change. Age, age-drift, age-
period, age-cohort and full APC models were compared by analysis of deviance [20, 21] with F tests
using the dispersion of the full APC model. Standard errors were scaled by the Pearson dispersion
(quasi-Poisson). Implementation checks are described in Supplementary Methods.

Screening exposure
Mammography eligibility for a woman of single-year age a in year t was m(a, t) = 1 if t ≥ 2000 and a ≥ 50,
or t ≥ 2004 and a ≥ 40 [5–8]. With a lag of L years, binary exposure was m(a − L, t − L), and cumulative
exposure was the number of years she had been eligible from 1987 to t − L, per 10 years. Lags of 0, 5
and 10 years were examined. Cell exposure was the mean over the 25 single-year sub-cells of each Lexis
cell (worked examples in Supplementary Table S2A), and each exposure was added to the APC model
as a single covariate; because it varies with age and period jointly, it is not a linear combination of the
APC terms. Eligibility rather than attendance was modelled because attendance data were not available.
In a sensitivity analysis, exposure also counted clinical breast examination (1987–2003, ≥ 30 years). All
definitions are reported; presenting the 10-year lag first was decided after the initial analyses and is not a
prespecified primary analysis.

Separability of screening from the APC structure
The variance of the screening coefficient is φ / Σ wiri², where wi is the fitted number of deaths in cell i, φ
the dispersion and ri the residual from the wi-weighted regression of exposure on the APC design. We
report the weighted R² of that regression, the variance inflation factor (VIF = 1/(1 − R²)), the smallest RR
detectable with 80% power, and the share of the information Σ wiri² contributed by each cell. An R² below

1 means that the coefficient is formally identified; a value close to 1 means that it rests on a small
residual part of the exposure variation and is sensitive to misspecification of the APC terms.

Sensitivity analyses
All analyses were repeated for 1975–2024, because Okinawa entered national vital statistics in 1973,
and with negative binomial models. Exposure was also defined at annual resolution, with one
observation per age group and calendar year (n = 715) and the APC terms of the corresponding cell. A
conventional Poisson policy model with grouped ages, a linear trend and binned cohorts was fitted for
comparison (Supplementary Methods).
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Incidence and comparison with mortality
Breast cancer incidence at ages 30–84 years, including in situ cancer, was obtained from the same
source [1]: regional registry estimates for 1975–2015 and the National Cancer Registry from 2016.
Incidence and mortality were tabulated on the same grid of nine periods (1976–1980 to 2016–2020), so
that the registry change fell on a period boundary, and the same APC model was fitted to each. Because
each model’s linear trend is fixed by its own constraint, we compared cohort deviations; their ratio, the
relative cohort curvature, indicates whether the cohort pattern is more pronounced in mortality than in
incidence and is not a measure of survival. Its CIs assume independence of the two models; as a check,
a single APC model of deaths with log incident cases as offset estimated it directly. We also calculated
local drifts and the mortality-to-incidence ratio by age and period. Robustness of the incidence pattern
was examined under five alternative specifications (Supplementary Methods). Because the national
series before 2016 consists of estimates, the incidence analysis was repeated with measured data from
Yamagata, Fukui and Nagasaki, three prefectures with long-standing high-quality registries [1], for all
cases, invasive cancer only and the period before the registry change. Analyses used Python 3 with
statsmodels; the code is provided as Supplementary Material.

Results

Mortality trends and APC analysis
There were 437,134 breast cancer deaths at ages 30–84 years in 1960–2024. Age-specific mortality
rose in every age group until the 1990s, after which the year of peak mortality advanced with age, from
1997 at 40–44 years to 2015 at 60–64 years; at 70 years or older mortality was still rising in 2024 (Fig. 1;
Supplementary Figure S1). Each peak corresponds to women born around 1950–1955.

The age-cohort model fitted far better than the age-period model (deviance 389.2 vs 9,041.8; Table 1).
Adding cohort curvature to the age-period model reduced the deviance by 8,787.6 on 21 df (F = 163.0, P 
< 0.001), whereas adding period curvature to the age-cohort model reduced it by 135.0 on 11 df (F = 4.8,
P < 0.001). The dispersion of the full model was 2.57. Net drift was 1.06% per year (95% CI, 0.99–1.14).
The cohort deviation rose from 0.79 (0.75–0.83) for women born around 1900 to 1.51 (1.47–1.54) for
those born around 1950, then fell to 1.01 (0.98–1.05) for the 1970 cohort and 0.60 (0.50–0.70) for the
1990 cohort (Fig. 2). Period deviations were within ± 5% of the linear trend (F = 4.8, P < 0.001).

Screening exposure
With a 10-year lag, eligibility was not associated with mortality (RR 1.005; 95% CI, 0.971–1.040), and with
a 5-year lag the estimate was similar (0.990; 0.956–1.026) (Table 2; Fig. 3). Unlagged eligibility was
associated with a 4.5% lower rate (0.955; 0.918–0.994), although an immediate effect is implausible,
and cumulative eligibility with higher mortality at every lag (RR per 10 eligible years, 1.10–1.20).
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APC terms explained 91–94% of the variation in binary eligibility and 95% to more than 99% in
cumulative eligibility. For binary eligibility the VIF was 11–18, so standard errors were 3.3–4.2 times
larger than for an uncorrelated exposure (Supplementary Table S1). Under the specified model, nominal
precision was sufficient to detect a reduction of about 5% (smallest detectable RR, 0.94–0.95), but this
does not account for misspecification or alternative exposure definitions. The residual variation was
concentrated in a few cells: for the 10-year lag, 2010–2014 contributed 55% of the information, ages 45–
59 years 63%, and women born around 1955–1970 66% (Supplementary Table S2B), the cohorts in
which the cohort deviation fell most steeply (1.44 to 1.01).

Counting clinical breast examination did not resolve the inconsistency: binary programme eligibility with
a 10-year lag was associated with lower mortality (RR 0.935; 0.888–0.985), whereas cumulative
programme eligibility was associated with higher mortality (1.06–1.11). With annual observations, the
mammography estimates were similar (10-year lag, 0.996; 0.970–1.022), but the programme estimate
reversed (1.029; 1.005–1.053), so the only nominally protective estimate at a plausible lag was not
robust to temporal resolution (Supplementary Table S1). Results for 1975–2024, negative binomial
models and the conventional policy model (IRR 1.024; 1.003–1.047) are given in Supplementary Results.

Incidence and comparison with mortality
Between 1976 and 2020 there were 2,000,260 new cases (including in situ) and 353,208 deaths. Net drift
was 3.96% per year for incidence (95% CI, 3.81–4.11) and 1.17% for mortality. Incidence rose in every
age group (2.5–5.1% per year), whereas mortality fell at 30–34 years (− 0.8% per year; −1.2 to − 0.4) and
rose by 1.3–2.5% per year from 50 years upward. The incidence model was markedly overdispersed
(dispersion 32.6), although 92% of cells had relative residuals within ± 7% (Supplementary Figure S2).

Incidence and mortality shared the same cohort pattern, peaking around the 1951 cohort (Fig. 4), but the
peak was higher for mortality (RR 1.43 [1.39–1.46] vs 1.22 [1.18–1.26]) and the later decline steeper. The
relative cohort curvature was 1.17 (1.13–1.22) for the 1951 cohort and 0.88 (0.82–0.96) for the 1976
cohort; the direct model gave almost identical estimates (1.17 [1.12–1.23] and 0.88 [0.79–0.99]),
although for the 1981 cohort its interval included 1 (Supplementary Table S3). The direction of the
comparison was unchanged under a negative binomial model, before the registry change, after excluding
screening ages and after excluding poorly fitting cells (1951 cohort, 1.10–1.20; 1976 cohort, 0.82–0.89;
Supplementary Table S4), although residual misfit remained. In measured data from the three
prefectures, the cohort deviation of incidence also peaked in the 1951 cohort (RR 1.22; 1.17–1.27;
invasive cancer only, 1.24; before the registry change, 1.21) and was 0.91 for the 1976 cohort, with little
overdispersion (1.3–1.7) (Supplementary Table S5; Supplementary Figure S3). Incidence period
deviations showed no apparent upward step at the 2016 registry change (second difference, RR 0.93;
0.89–0.97).

The mortality-to-incidence ratio fell in every age group from around 2000 (Fig. 5), for example from 0.27
to 0.10 at 50–54 years between 1996–2000 and 2016–2020; with invasive cancer alone it fell by about

Page 7/16



30% between 2006–2010 and 2016–2020. The share of in situ cancer at 40–49 years rose from 5.9% in
2003 to 16.3% in 2023.

Discussion
Over 65 years, non-linear changes in breast cancer mortality among Japanese women were aligned
mainly with birth cohort, peaking in women born around 1950, and period effects beyond the overall drift
were small. Screening exposure was almost collinear with the APC structure, and its estimated
association with mortality changed size and direction with the exposure definition.

These results should not be read as evidence that mammography screening is ineffective. They show
that national mortality statistics cannot reliably separate a screening effect from cohort and period
effects. Because eligibility in Japan was defined by age and calendar year and introduced in two steps
four years apart, any model that adjusts for age, period and cohort leaves very little exposure variation.
The coefficient remains formally identified, and under the specified model its nominal precision is
adequate; the difficulty is robustness. The estimate rests on the 6–9% of exposure variation that the APC
terms do not explain, which came mostly from women born around 1955–1970 at ages 45–59 years in
2010–2019, where the cohort curve is steepest. Any misspecification there, such as treatment effects
that differ by age and period, passes directly into the screening estimate. Equally precise estimates
pointed in opposite directions, and the one nominally protective estimate was not robust to temporal
resolution. This instability reflects both exposure measurement (eligibility rather than attendance, the
assumed timing of any effect and the earlier examination programme) and dependence on the APC
model. The positive coefficient of the conventional policy model is better explained by residual
confounding along these axes than by harm from screening.

This is consistent with the wider literature. Trials support a mortality reduction with invitation to
screening [9, 10], whereas population-level analyses have struggled to attribute mortality trends to
screening rather than treatment [14]. Modelling studies combining incidence, stage and survival data
have apportioned the US mortality decline between screening and therapy [22, 23]; the most recent
attributed 25% of the 58% reduction between 1975 and 2019 to screening and the remainder to
treatment of early-stage and metastatic disease, with the share attributable to screening falling as
systemic therapy improves [23]. Mortality data alone cannot make this division.

The better fit of the age-cohort model shows that the non-linear changes line up with birth cohort, but
does not by itself show that factors acting on cohorts caused them, and the linear component cannot be
assigned to period or cohort. Within these limits, the peak in women born around 1950 matches the
timing of peak mortality by age. These women grew up during post-war changes in reproductive
behaviour, diet and body size, which are recognised determinants of breast cancer risk in Japan [24]; an
APC analysis of the Miyagi registry had already detected a rising cohort effect in incidence, attributed to
lower parity and less breastfeeding [25]. Incidence shared the cohort peak, so part of the mortality
pattern mirrors generational differences in risk; because incidence has risen by about 4% per year,
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consistent with registry-based estimates [19], later cohorts still have higher absolute incidence, and the
incidence curvature reflects a slowing of that rise.

The mortality peak was, however, more pronounced than the incidence peak and its decline steeper, and
the mortality-to-incidence ratio halved in every age group. These findings are compatible with improved
survival from earlier diagnosis and systemic therapy [26, 27] but are not direct evidence of it. Deaths in a
period arise largely from cases diagnosed earlier, and the ratio is lowered by anything that raises
recorded incidence without changing deaths, including lead time, overdiagnosis, the growing share of in
situ disease and the registry change. Because a linear change cannot be divided between period and
cohort, part of any survival improvement may also appear as cohort decline; the same constraint
explains why the intrinsic estimator attributed the Japanese trend mainly to period effects [18]. The
continuing rise in mortality at 70 years or older is consistent with the high-risk cohorts entering these
ages and is relevant to planning services for older women.

This study used complete national data for 65 years and quantified directly how far screening could be
distinguished from age, period and cohort; to our knowledge, no previous ecological evaluation of
screening has reported this quantity. Its limitations include the ecological design, without individual
screening, stage or treatment data; the use of eligibility rather than attendance, with workplace and
opportunistic screening outside the programme; the identifiability constraint and overlapping synthetic
cohorts; the exclusion of women aged 85 years or older; possible coding discontinuities; and, for
incidence, registry estimates before 2016, inclusion of in situ cancer and marked overdispersion in the
national series, although measured data from three high-quality registries reproduced the cohort pattern
with little overdispersion.

Comparisons between areas with different screening participation would not resolve the problem:
municipal records capture only part of all screening, workplace and opportunistic screening is not
recorded by area, and areas with higher participation may also differ in cohort risk and access to
treatment. Evaluating screening in Japan will therefore require linkage of screening attendance, cancer
registration and death at the individual level. The National Cancer Registry already links incident cases
with death certificates, but screening records remain fragmented across municipalities and workplaces,
and linkage has so far been limited to regional quality-assurance studies. Even with linked data, self-
selection would require designs such as case-control studies with long follow-up. Such data would also
allow the stronger screening and treatment strategies called for in Japan [4] to be evaluated directly.

Conclusions
Non-linear changes in breast cancer mortality among Japanese women were aligned mainly with birth
cohort, peaking in women born around 1950. Part of this pattern is shared with incidence; the larger
cohort decline in mortality is compatible with, but not direct evidence of, improved survival. Screening
exposure was almost collinear with the APC structure, so its effect cannot be reliably estimated from
national statistics, and individual-level linked data are needed.
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Figure 1

Age-specific breast cancer mortality among Japanese women aged 30–84 years, 1958–2024, by 5-year
age group. Dotted vertical lines mark the introduction of mammography screening for women aged ≥50
years (2000) and ≥40 years (2004). Data for 1958–1959 are shown for completeness but were not
included in the APC models, which cover 1960–2024.

Figure 2
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Age-period-cohort model of breast cancer mortality, 1960–2024. (A) Age-specific rates per 100,000 at
the reference period, including the net drift. (B) Period deviations and (C) cohort deviations from the log-
linear trend, expressed as rate ratios; shaded bands are quasi-Poisson 95% CIs.

Figure 3

Mortality rate ratios for screening exposure in the APC model, 1960–2024, by exposure definition and
lag. Points are rate ratios and bars quasi-Poisson 95% CIs; the dashed line marks a rate ratio of 1.
Mammography: eligibility from 2000 at ≥50 years and from 2004 at ≥40 years. Any programme: clinical
breast examination (1987–2003, ≥30 years) or mammography eligibility. Cumulative exposure is
expressed per 10 years of eligibility.
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Figure 4

Cohort deviations from linearity for breast cancer incidence (orange) and mortality (blue), 1976–2020.
Each curve is relative to its own log-linear trend; shaded bands are quasi-Poisson 95% CIs. Incidence
includes in situ cancer.
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Figure 5

Ratio of breast cancer deaths to new cases (including in situ) by age group and 5-year period, 1976–
2020, plotted at period mid-years. The dotted line marks the change from regional registry estimates to
the National Cancer Registry in 2016.
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