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Adiposity affects lifetime estrogen exposure, which is a key
factor in breast carcinogenesis. However, adiposity effects,
often assessed as the body mass index (BMI), on pre- and
post-menopausal breast cancer risk are paradoxical. Body
weight gain may reflect body fat mass accumulation dur-
ing adulthood better than the BMI, potentially representing
age-related metabolic changes!. Therefore, weight gain at
specific hormone-related stages given by early or late repro-
ductive and menopausal years may have different effects on
breast cancer risk. However, research on whether the timing
of weight gain influences the relationship between body fat
and breast cancer risk is limited, inconclusive, and most often
based on Western populations. Therefore, we conducted a
prospective study to evaluate the association between weight
change throughout distinct lifetime periods and breast cancer
risk stratified by menopausal status.

During a median follow-up duration of 9.2 years, we pro-
spectively followed 73,192 Korean women (40-69 years of age)
from the 2004-2013 population-based Health Examinees-
Gem Study (HEXA-G)2. Weight at recruitment and self-re-
ported weights at 18-20, 35, and 50 years of age were used to
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calculate weight change across 5 lifetime periods based on data
availability. Weight change was assessed with respect to abso-
lute total weight and calculated by subtracting the weight at
the earlier age from the weight at the later age. Additionally,
the annual average weight change rate was calculated. Cox
regression was used to estimate adjusted hazard ratios (HRs)
and 95% confidence intervals (Cls) for breast cancer risk using
age as the time scale. The follow-up evaluations were com-
pleted for all participants until 31 December 2018. The study
flow chart, study population, breast cancer ascertainment, and
statistical analysis methods are detailed in the Supplementary
material.

The study protocol and procedures were approved by
the Institutional Review Board (IRB) of the Seoul National
University Hospital in Seoul, Korea (IRB No. E-2009-117-
1159) and the Korea National Institute of Health (IRB No.
2014-08-02-3C-A). Written informed consent was obtained
from all participants. The approved research was performed
in accordance with relevant guidelines and regulations
established by the Ethics Committee of the Korean National
Institute of Health and the Helsinki Declaration of the World

Medical Association.
Weight gain after 35 years of age
Among 66,870 women (611,139 person-years) with information

on weight at 35 years of age, 790 new breast cancer cases were
identified. Of the 66,870 women, 10.72% had weight loss, 32.68%
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maintained a stable weight, and 35.92% gained > 5.0 kg. Women
who gained more weight since middle adulthood tended to give
birth earlier, were more likely to breastfeed, had a higher propor-
tion of ever-smokers, were less physically active, and consumed
more total calories per day compared to women in the lowest
weight gain group (Table S1).

Women who gained > 10 kg after 35 years of age was asso-
ciated with an increased risk of breast cancer compared to
women with stable weight [+ 2.5 kg] (HR, 1.41; 95% CI, 1.02—
1.96; P

trend

=0.02; Figure 1). Gaining 5-9.9 kg after 35 years of
age increased the risk of breast cancer among premenopausal
women by 89% (HR, 1.89; 95% CI, 1.35-2.67) and gaining >
10 kg increased the risk of breast cancer among premenopau-
sal women by 2.23-fold (HR, 2.23; 95% CI, 1.27-3.91) with
a dose-response effect (P, ; < 0.01; Figure 2 and Table S2).
When a linear weight increment was assumed, women who
gained > 0.75 kg per year after 35 years of age had a 35% higher
risk of breast cancer (HR, 1.35; 95% CI, 1.01-1.82; P, =
0.02), but no associations were detected based on menopau-
sal status (Table S3). However, a V-shaped relationship was
observed between weight change rate after 35 years of age
and premenopausal breast cancer risk, with the highest risk
occurring in women who gained weight at a rate of 0.25-0.49
kg/year (HR, 1.29; 95% CI, 0.94-1.77; P_ . = 0.03; Table
§3). Although the rate of weight gain was associated with

Person-years BC cases

an overall increased breast cancer risk, it was not directly
linked to increased premenopausal breast cancer. However,
the association should not be disregarded. While absolute
values showed the actual amount of weight gain, the average
weight change rate assumed linearity and allowed time com-
parisons. Therefore, the timeframe studied influenced the
average weight change rate, which may mask notable weight
fluctuations and cause non-linear changes. The absence of a
clear association suggests that the relationship between weight
over time and breast cancer is complex, involving multiple fac-
tors. Conversely, the positive correlation between total weight
change and cancer risk emphasizes the relevance of long-term
weight variation, potentially through cumulative effects on
biological processes.

Thirty-five years of age was considered a cut-off point for
late reproductive years because evidence worldwide suggests
that women who become pregnant after this age are at an
increased risk of complications during pregnancy, even in
healthy individuals. Women who had their first pregnancy
after 25 years of age and gained weight had an increased risk
of breast cancer (HR, 1.93; 95% CI, 1.26-2.93; P, < 0.01;
Table S4). Although the median age for the first pregnancy
was 25 years in this cohort, by 35 years of age most women
may have experienced pregnancy, motherhood, marriage,

or cohabiting, all of which potentially influence weight

HR [95% CI] p-FDR

Total adulthood (from age 18-20 to recruitment)
Per 1 kg increment 549,603 725

Loss > 2.5 kg 42,668 48

Loss/gain + 2.5 kg 95,524 124

Gain 2.5-4.9 kg 73,104 104

. 1.01[0.99-1.02]
—_— 0.79 [0.56-1.12] 0.37
* 1.00
——— 1.15[0.88-1.51] 0.39

Gain 5.0-99kg 157,748 199 —t— 1.07 [0.84-1.37] 0.59
Gain 2 10 kg 180,560 250 _— 1.30 [0.95-1.77] 0.37

P, 0.05

Pronineer 0.63

Early reproductive years (from age 18-20 to 35)
Per 1 kg increment 534,552 705 L] 0.99 [0.98-1.01]

Loss > 2.5 kg 53,068 68 —_—— 0.93 [0.70-1.23] 0.60

Loss/gain + 25 kg 184,125 239 * 1.00
Gain 2.5-4.9 kg 88,172 127 —— 1.10 [0.88-1.36] 0.60
Gain 5.0-9.9 kg 134,442 187 —— 1.06 [0.86-1.30] 0.60
Gain 2 10 kg 74,744 84 —_— 0.86 [0.65-1.14] 0.60

P, 0.66

Pron-ineer 030

Middle adulthood (from age 35 to recruitment)
Per 1 kg increment 611,138 790 - 1.03 [1.01-1.05]

Loss > 2.5 kg 65,250 75 ——— 0.90 [0.68-1.18] 0.57

Loss/gain + 2.5 kg 200,221 250 * 1.00
Gain 2.5-49kg 126,398 160 e 1.06 [0.86-1.31] 0.57
Gain 5.0-9.9 kg 14,882 205 et 1.21 [0.98-1.50] 0.16
Gain > 10 kg 70,388 100 i 141 [1.02-1.96] 0.05

Ptrend 0.02

Pnon—linear 0.84

0.20 0.56 1.55 430

HR [95% CI]

Figure 1 Weight change and breast cancer risk.
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Premenopausal women Postmenopausal women
Person-years BC cases HR[95% CI] p-FDR Person-years BC cases HR[95% CI] p-FDR
Total adulthood (from age 18-20 to recruitment)
Per 1 kg increment 119,127 303 L4 1.01 [0.99-1.04] 430,477 422 L 1.01 [0.98-1.01]
Loss > 25kg 10,356 21 ’ - . 0.91 [0.54-1.55] 0.99 32313 27 —t— 0.93[0.70-1.23] 0.73
Loss/gain + 2.5 kg 22,793 49 * 1.00 72,252 75 + 1.00
Gain 25-49kg 16,729 47 H——— 1.43[0.95-2.15] 0.19 56,375 57 e 1.10 [0.88-1.36] 0.99
Gain 50-99kg 34,736 93 —— 145[0.99-2.14] 019 123,012 106 e 1.06 [0.86-1.30] 0.73
Gain > 10kg 34,035 93 — 1.68 [1.02-2.76] 0.19 146,525 157 v * 1 0.86 [O 65-1.14] 0.87
Pyrend 0.05 0.35
. Pnon-linear 0.38 0.98
Early reproductive years (from age 18-20 to 35)
Per 1 kg increment 116,514 294 L 0.99 [0.96-1.01] 418,038 411 * 1.00 [0.98-1.02]
Loss > 25kg 14,843 — 0.98 [0 66-148] 0.80 38226 32 ———— 0.84 [o 57-1.25] 0.53
Loss/gain + 25 kg 35797 96 + 1.00 148,328 143 * 1.00
Gain 25-49kg 18721 48 bt 0.92 [0.65-1.31] 0.80 69,451 79 e 1.17 [0.89-1.55] 0.53
Gain 5.0-99kg 29,601 77 e 0.91[0.66-1.26] 0.80 104,841 110 —— 1.10 [0.85-1.44] 0.53
Gain >10kg 17,552 37 ¢ * o 0.68 [0.44-1.06] 041 57,192 47 ——— 0.89[0.62-1.28] 0.53
Prrend 0.17 0.93
non-linear 045 042
Middle adulthood (from age 35 to recruitment)
Per 1 kg increment 125,269 312 » 1.05 [1.02-1.10] 485,870 478 L] 1.01 [0.98-1.04]
Loss > 2.5 kg , ————— 1.07 [0 67-1.70] 042 54,319 49 " » 0.84[0.59-1.18] 0.61
Loss/gain + 25 kg 50,429 99 * 1.00 149,792 151 * 1.00
Gain 25-49kg 29033 72 —— 1.34[0.98-1.84] 0.17 97,365 88 —_—— 0.90 [0.68-1.18] 0.61
Gain 50-99kg 26,781 88 b * . 1.89 [1.35-2.67] <0.01 122,101 117 ——— 0.93 [0.70-1.23] 0.61
Gain 2 10 kg 8,096 27 % —223[1.27-391] 0.03 62,293 73 —_— 1.12[0.75-1.67] 0.61
Piend <001 0.50
. “non-linear 0.27 0.66
Late reproductive years (from age 35 to 50)
Per 1 kg increment 296,028 331 L3 0.99 [0.96-1.03]
Loss > 2.5 kg 8,513 8 +* 0.86 [0.42-1.76] 0.76
Loss/gain + 2.5 kg 139,336 157 * 1.00
Gain 2.5-4.9 kg 50,200 52 —— 0.90 [0.66-1.24] 0.76
Gain 5.0-9.9 kg 68,020 82 e 1.05[0.78-1.40] 0.76
Gain > 10 kg 29,958 32 + — - 0.92 [0.60-1.43] 0.76
‘trend 0.95
non-linear 0.97
Peri/postmenopausal years (from age 50 to recruitment)
Per 1 kg increment 333,571 364 - 1.04 [1.00-1.08]
Loss > 2.5 kg 43,577 45 + " 1.06 [0.75-1.51] 0.43
Loss/gain + 2.5 kg 198,289 197 L3 .00
Gain 2.5-4.9 kg 50,738 64 e i 1.18[0.87-1.58] 0.43
Gain > 5 kg 40,967 58 ’ +* 4 1.30[0.91-1.85] 0.09
Prend 0.04
Pron-inear 0.14
! . . T r T
0.20 0.56 155 4.30 0.20 0.56 155 430
HR [95% CI] HR [95% CI]
Figure 2 Weight change by menopausal status.

fluctuations®. We also noted that breast cancer risk with
increased weight was higher in lean women in their 30s
(HR, 1.85; 95% CI, 1.27-2.70; P, ; = 0.01) and in women
with abdominal obesity (HR, 2.09; 95% CI, 1.33-3.29;
P, ..q < 0.01) and high daily calorie intake (HR, 2.67; 95%
Cl, 1.69-4.22; P, < 0.01; Table S4). These findings sug-
gest the importance of fat distribution and the harmful
effects of weight gain, especially in lean women. Women
store fat in subcutaneous and gluteo-femoral regions during
the reproductive years. However, as women age, there is a
shift towards visceral adipose tissue accumulation, leading
to metabolic disturbances and the creation of a low-grade
inflammatory microenvironment?. Adipose tissue in pre-
menopausal women produces and stores active estrogens,
with estrone being more prominent in fat deposits. Estrone
has been linked to adiposity-related inflammation and func-
tion in conjunction with nuclear factor-kB (NF«B) to trigger
an inflammatory pathway, highlighting the impact of estrone
and estradiol balance on breast cancer development®. While
being overweight or obese during childhood and adolescence
may reduce breast cancer risk by promoting early breast tis-

sue differentiation and increased tumor suppressor gene

expression, hormonal changes that might begin in regularly
menstruating women after their mid-30s, including errati-
cally higher estradiol levels, decreased progesterone levels,
a shortened luteal phase, anovulatory cycles, and disrupted
ovarian-pituitary-hypothalamic feedback®, along with the
role of adipose-derived estrogens, may increase breast can-
cer risk. Although evidence supports an inverse association
between being overweight/obese and premenopausal breast
cancer’, this protective effect has mainly been observed in
premenopausal Caucasian women®1%. However, being over-
weight or obese remained a risk factor for premenopausal
breast cancer among Asian women®!°. This finding suggests
that excess adiposity may have different effects on women of
Asian ethnicities.

Our findings align with previous studies. The European
EPIC-PANACEA study showed a positive association between
weight gain in middle adulthood and breast cancer diagnosed

< 50 years of age (HR, 1.37; 95% CI, 1.02-1.85)!!. The
Nurses’ Health Study reported a positive association between
short-term (4 y) weight gain and breast cancer for premeno-
pausal women [relative risk (RR), 1.38; 95% CI, 1.13-1.69]'2.

Inconclusive findings were reported from the Premenopausal
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Breast Cancer Collaborative Group for weight gain between
35-44 and 45-54 years of age (HR, 0.92; 95% CI, 0.77-1.10)"3.
Inconsistent findings were attributed to methodologic differ-
ences, time intervals between weight assessments, age ranges,
and cohort heterogeneity. Further research is warranted to
replicate our findings and elucidate the mechanisms behind
the association between weight gain during this period and

breast cancer risk.

Weight gain after 50 years of age

The current study, which included 37,909 women (333,571
person-years) with 364 recorded cases of breast cancer,
showed a positive trend association between weight gain in
the peri- and post-menopausal age and postmenopausal breast

cancer (P, 4

= 0.04; Figure 2 and Table S2). Postmenopausal
women who gained > 0.75 kg/year after 50 years of age had a
42% increased risk of breast cancer (HR, 1.42; 95% CI, 1.01-
2.00; P = 0.04; Table S2) and those women who also had

trend

abdominal obesity (HR, 1.54; 95% CI, 1.05-2.26; P, ;= 0.02)
were at a higher risk (Table S5). This finding aligns with pre-
vious research in Western populations'#'®. Adipose-derived
estrogens become more important in estrogen production
as gonadal estrogen declines during the peri- and post-
menopausal period. Excess adipose tissue triggers aromatase
production, leading to an imbalance in adipokines, increased
inflammatory cytokines, and dysregulation of estrogen sign-
aling. These disruptions can lead to DNA damage, genome
instability, and apoptosis inhibition!”.

Despite the large sample size from a large prospective
cohort, accurate cancer diagnoses, a follow-up duration
of nearly 10 years, and weight information over time, we
acknowledge some limitations to the current study. Recall
bias and misclassification may have occurred due to self-re-
ported weight and the lack of information on menopausal
status at the time of breast cancer diagnosis. However, these
limitations were addressed by sensitivity analysis, such
as the exclusion of extreme weight values and daily calo-
rie intake, by varying the definition of pre- and post-men-
opausal status, and by excluding individuals with < 2 y of
follow-up evaluations. These analyses yielded similar asso-
ciations with breast cancer as observed overall (Tables
$6-89). Information on breast cancer subtypes, intentional
weight loss, and changes in lifestyle factors over time were
not available. Despite controlling for various variables, some

residual confounding may still be present. Furthermore,

although there may be some indications of trends or asso-
ciations between weight gain in certain age groups and
breast cancer risk, some of these associations were mar-
ginally significant and some were not consistently signifi
cant across different periods and menopausal statuses. This
inconsistency suggests that there may not be enough robust
data to firmly establish a clear link between weight change in
some lifetime periods and breast cancer risk. Additionally,
our findings are specific to Korean women and may not
apply to other populations. Further research with larger and
more diverse samples is needed to replicate and determine
the generalizability of these results.

Overall, our findings suggest that weight gain in women in
their 30s and 50s could have a significant role in breast can-
cer prevention. It is important to consider the current chang-
ing trends in delaying childbearing, which may influence the
timing of weight gain, potentially impacting breast cancer
incidence in the ensuing years. Therefore, additional stud-
ies focusing on these specific periods are warranted to better
understand the potential relationship. Our findings suggest a
lag period between weight gain and the effect on breast cancer
risk and emphasize the need for weight management start-
ing in early mid-adulthood to reduce breast cancer risk. The
implications of these findings may influence public health rec-
ommendations and programs, promoting weight loss in over-
weight and obese young women and weight maintenance in

young and lean women for breast cancer prevention.
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