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BACKGROUND: The evidence for the associations between early-life adiposity and female cancer risks is mixed. Little is known

about the exact shape of the relationships and whether the associations are independent of adult adiposity.

METHODS: We conducted dose-response meta-analyses of prospective studies to summarise the relationships of early-life body
mass index (BMI) with breast, endometrial, and ovarian cancer risks. Pubmed and Embase were searched through June 2020 to

identify relevant studies. Using random-effects models, the summary relative risks (RRs) and 95% confidence intervals (Cls) were
estimated per 5-kg/m? increase in BMI at ages < 25 years. A nonlinear dose-response meta-analysis was conducted using restricted
cubic spline analysis.

RESULTS: After screening 33,948 publications, 37 prospective studies were included in this analysis. The summary RRs associated
with every 5-kg/m? increase in early-life BMI were 0.84 (95% Cl = 0.81-0.87) for breast, 1.40 (95% Cl = 1.25-1.57) for endometrial,

and 1.15 (95% Cl = 1.07-1.23) for ovarian cancers. For breast cancer, the association remained statistically significant after
adjustment for adult BMI (RR = 0.80, 95% Cl = 0.73-0.87). For premenopausal breast, endometrial, and ovarian cancers, the

dose-response curves suggested evidence of nonlinearity.

CONCLUSIONS: With early-life adiposity, our data support an inverse association with breast cancer and positive associations with

ovarian and endometrial cancer risks.

British Journal of Cancer (2022) 126:664-672; https://doi.org/10.1038/s41416-021-01625-1

INTRODUCTION

Breast, endometrial, and ovarian cancers are commonly diagnosed
female cancers that together account for 32% of cancer incidence
and 22% of cancer deaths in women worldwide [1]. These three
cancer sites share many common risk factors including younger
age at menarche [2-5], nulliparity [4-7], and menopausal hormone
therapy use [8-11]. Among the known risk factors, adult body
fatness is also an important risk factor. Previous meta-analyses
estimated that every 5-kg/m” increase in adult body mass index
(BMI) is associated with a 12% increased risk of postmenopausal
breast cancer [12], a 54% increased risk of endometrial cancer [13],
and a 7% increased risk of ovarian cancer [14].

Some studies also suggest the long-term effects of early-life
body fatness on the risks of breast [15-23], endometrial [24-28],
and ovarian cancers [29-31]. However, the direction and strength
of the associations varied across studies [22-26, 31-34]. It is
unknown whether the inconsistency in study results can be
explained by the differences in population characteristics (e.g.,

menopausal status, geographic region) and methodological issues
(e.g. prospective vs. retrospective, measured vs. recalled body
fatness, with vs. without adjustment for adult body fatness, body
fatness measures at different ages) among the studies. Some
studies also suggested that the associations may vary by tumour
subtypes [17, 21, 23, 35, 36]. Particularly, little is known about
whether the associations with early-life body fatness are
independent of adult body fatness and whether the associations
vary by menopausal status. Further, the exact shape of the
relationships (e.g. linear, U-shape) are not clear.

While previous meta-analyses have primarily focused on the
associations with adult BMI, in this study we conducted a meta-
analysis of prospective studies for the associations between early-
life BMI and risks of breast, endometrial, and ovarian cancers, the
three major female cancers that share many common biologic
mechanisms. By performing linear and non-linear dose-response
meta-analyses, we explored the shape of the relationships and
quantified the risks associated with specific levels of early-life BMI.
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We also included a larger number of cases from both pre- and
postmenopausal women and additional studies that were not part
of the previous pooling studies [37, 38] and recent meta-analyses
[13, 14, 39]. Furthermore, to clarify the associations, we performed
various subgroup analyses to investigate whether the associations
varied by menopausal status, adjustment for adult BMI, age of BMI,
assessment method of BMI, region, and tumour subtypes.

METHODS

Search strategy

The Meta-analysis of Observational Studies in Epidemiology (MOOSE)
guidelines [40] were closely followed for the design, analysis, and reporting
of this meta-analysis. D.B., Y.N., S.R., HJ. and Y.C. conducted the literature
search, study selection, and data extraction independently and H.O.
checked for accuracy. Studies published through June 2020 were identified
by searching Pubmed and Embase databases. Detailed search terms are
provided in Supplementary Table 1. The reference lists of previous meta-
analyses and all the articles included in our analysis were also reviewed for
additional studies.

Study selection

This meta-analysis was restricted to prospective studies that provided
relative risk (RR) estimates (hazard ratios or risk ratios) and 95% confidence
intervals (Cls) for the associations between early-life BMI and three major
female cancer (breast, endometrial, and ovarian cancer) risks. We defined
early-life period as age <25 years including childhood, adolescence, and
early adulthood. When body fatness measures (BMI or pictogram) at
multiple ages were provided in the study, we selected the age closest to 18
years because BMI at age 18 was the most common variable reported in
the studies. When the studies reported RRs and 95% Cls separately for
multiple mutually exclusive subgroups (e.g. premenopausal vs. postme-
nopausal women, women with vs. without family history), we extracted the
estimates from each subgroup. For dose-response meta-analysis, we
restricted to studies that reported at least three categories of body fatness
variable with information on RR, 95% Cl, and the category-specific number
of cases and person-years. When category-specific number of person-years
were not reported, we estimated by multiplying category-specific number
of participants by the average duration of follow-up. When quantile-based
studies did not provide the distributions of person-years, total person-
years were equally divided across the quantiles. Studies that reported RR
and 95% CI for the linear trend (e.g. per 5-kg/m? increase in BMI) but did
not report category-specific information (RR, 95% Cl, or number of cases
and person-years) [32, 41-46] were included in linear dose-response meta-
analysis only. Studies were excluded if they used data from cancer
survivors or documented cancer mortality only. Articles without full-text or
not written in the English language were also excluded. When multiple
studies were published from the same cohort or data, we included the
study with the longest follow-up, the largest sample size, or was most
recently published. There was a total of 37 publications (21 for breast, 10
for endometrial, 6 for ovarian cancer) eligible for this dose-response meta-
analysis. Study selection procedure is summarised in Supplementary Fig. 1.

Data extraction

For each study, we extracted the following data: last name of the first
author, publication year, country, study name, study design, age
distribution and menopausal status of study population, number of cases
and person-years of all categories required for calculation, category-
specific range of exposure variables, recorded or estimated average follow
up time, assessment method of exposure (measured vs. recalled),
adjustment variables, and RRs and corresponding 95% Cls by categories
or per unit. We extracted RRs and 95% Cls from the fully adjusted model.
However, if both models with and without adjustment for adult BMI were
reported, we extracted the estimates from the two models separately [23]
for subgroup analysis and used the estimates from the model without
adjustment in the primary analysis. When the lowest categories of body
fatness were not selected as the reference group in the studies, we
changed the reference group to the lowest category and converted the
corresponding RRs and 95% Cls using variance formula for rate ratio (with
normal approximation). In studies [17, 23] that assessed early-life body
fatness using pictogram only (Stunkard’s [47] or Serensen’s [48]), we
imputed the BMI value using results from the validation study [49].
Because the validation study provided data for BMI at age 15 years, we
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used pictogram data for the age closest to 15 years when multiple age
data were available. The extracted data are shown in Supplementary
Table 2 (breast cancer), Supplementary Table 3 (endometrial cancer), and
Supplementary Table 4 (ovarian cancer). The quality of studies was
evaluated using the Newcastle-Ottawa Scale [50].

Statistical analysis

Linear and nonlinear dose-response meta-analyses were conducted for
breast, endometrial, and ovarian cancer risks. In primary analysis, we did
not stratify by menopausal status because some studies did not specify
the menopausal status of the participants or did not stratify the analyses
by menopausal status. For linear dose-response meta-analyses, we used
the methods described by Greenland and Longnecker [51] to compute
study-specific slopes of linear trends and corresponding 95% Cls from
the natural logs of the RRs and Cls extracted across categories of early-
life BMI. In estimating study-specific linear trends, several approxima-
tions were made: the midpoint of each exposure category was assigned
to the corresponding RR; the width of the open-ended extreme
categories was assumed to be same as that of the adjacent interval.
Then, the estimated study-specific RRs and variances were pooled using
the DerSimonian-Laird random-effects models [52] to estimate the
summary RR and 95% Cl. Forest plots of the linear dose-response meta-
analysis were presented for RRs and 95% Cls associated with each 5-kg/
m? increment in early-life BMI.

Nonlinear dose-response meta-analysis was conducted using restricted
cubic spline analysis [53, 54]. For each study, cubic splines were modelled
with three knots fixed at the 10th, 50th, and 90th percentiles of the
distribution of early-life BMI, accounting for correlation across category-
specific RRs and 95% Cls within each study [53]. The reference was set to
the early-life BMI of 18.5 kg/m?, the lowest cutoff for normal weight in
men and women aged 18 years or older [55]. Then, the derived curves
were combined using multivariate random effects meta-analysis [56].
The p-value for nonlinearity was obtained from the test of the null
hypothesis that the regression coefficient of the second spline transforma-
tion was equal to zero.

Heterogeneity in the relationship across studies was assessed by
Cochran’s Q test [57] and %, the percentage of total variation across
studies that is attributable to true heterogeneity rather than to chance
[58]. I values around 25%, 50%, and 75% were considered as low,
moderate, and high heterogeneity, respectively [59]. To identify sources
of heterogeneity and assess study quality, subgroup analyses and meta-
regression were conducted based on linear dose-response meta-
analysis by a priori selected variables that are related to potential effect
modifiers (menopausal status, region, age of BMI) and methodological
characteristics (adjustment for current adult BMI, assessment method of
early-life BMI). In subgroup analysis by adjustment for current adult BMI,
we restricted analyses to publications that reported both models with
and without adjustment (6 studies for breast cancer, 4 studies for
endometrial cancer) to increase the comparability between the results
(e.g. number of studies included, participant characteristics). Among the
studies that reported tumour subtype-specific RRs and 95% Cls
[21, 23, 36, 60, 61], we performed subgroup analysis by tumour subtypes
(e.g. oestrogen receptor [ER]-positive vs. ER-negative breast cancers). We
conducted subgroup analyses only when there were at least three
studies in each stratum. Potential for publication bias was tested using
Egger’s test. Diverse sensitivity analyses including the influence analysis
were performed to check robustness of the results. For statistical
significance, two-sided significance level was set at alpha level 0.05. All
statistical analyses were conducted using STATA 12 (StataCorp, College
Station, TX).

RESULTS

After screening 33,948 publications, 37 prospective studies (27 for
breast cancer [15-23, 32, 36, 41-45, 60-64], 10 for endometrial
cancer [24-28, 46, 65-68], and 6 for ovarian cancer [30, 31, 34, 69—
711) were identified and included in this dose-response meta-
analysis. Of these, 19 studies were from the United States
[19, 21, 23-25, 27, 28, 42, 43, 46, 60, 61, 63, 65, 67-71], 14 studies
were from Europe [15, 17, 20, 22, 26, 30-32, 34, 41, 45, 62, 64, 66],
and 4 studies [16, 18, 36, 44] were from other countries. All studies
received the Newcastle-Ottawa score >7, indicating high quality
studies (Supplementary Table 5).
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Linear and nonlinear dose-response relationships for early-life BMI and breast cancer risk. This figure shows the results from a

linear dose-response relationship with total breast cancer; b nonlinear dose-response relationship with total breast cancer (p-nonlinearity =
0.19); ¢ subgroup analysis by menopausal status (p-heterogeneity = 0.78); d nonlinear dose-response relationship with premenopausal breast
cancer (p-nonlinearity = 0.004); e nonlinear dose-response relationship with postmenopausal breast cancer (p-nonlinearity = 0.16); f subgroup
analysis by adjustment for adult BMI (p-heterogeneity = 0.36). The black squares and horizontal lines represent study-specific relative risks and
their 95% confidence intervals. The area of each black square reflects the weight each study contributes to the meta-analysis. The middle and
horizontal tips of diamonds represent summary RRs and their 95% confidence intervals, respectively. The P values were calculated from

Cochran’s Q test; all statistical tests were two-sided.

Breast cancer

A total of 39,733 breast cancer cases from 1,849,875 participants
were included in the meta-analyses of early-life BMI and
breast cancer risk (range of BMI: 13.2-32.5 kg/m?). Each 5-kg/m?
increase in early-life BMI was statistically significantly associated
with a 16% reduced breast cancer risk (summary RR = 0.84, 95%
Cl =0.81-0.87) with evidence of moderate to high heterogeneity
(P =63.4%, p <0.001; Fig. 1a). Although there was some hetero-
geneity in the magnitude of RRs among the studies, all studies
except one consistently showed an inverse association. Small
study effects, such as publication bias, were not indicated by
Egger's test (p=10.08). In the nonlinear dose-response meta-
analysis, we found no evidence of nonlinearity (p-nonlinearity =
0.19; Fig. 1b).

When stratified by menopausal status, the summary RRs for the
association between early-life BMI and breast cancer risk were
similar between premenopausal (RR=0.82, 95% Cl=0.78-0.87)
and postmenopausal women (RR=0.83, 95% Cl=0.79-0.87,
p-heterogeneity =0.78; Fig. 1c). However, in the nonlinear
dose-response meta-analysis, there was evidence of nonlinearity,
suggesting a steeper risk reduction at BMI > 23 kg/m? (e.g,, threshold
effect), in premenopausal women (p-nonlinearity = 0.004; Fig. 1d)
but not in postmenopausal women (p-nonlinearity = 0.16; Fig. 1e).
In most studies, except for two [36, 64], menopausal status at
baseline was consistent with menopausal status at cancer diagnosis.
Results were similar after excluding these two studies that
have missing information on menopausal status at cancer diagnosis
(data not shown).

To evaluate the associations independent of adult BMI, we
compared results by adjustment for adult BMI among 6 publications
(8 distinct populations) that reported both models with and without

the adjustment. The inverse association between early-life BMI and
breast cancer risk did not materially change and remained
statistically significant in the adult BMI-adjusted models (summary
RR=0.80, 95% Cl=0.73-0.87 adjusted vs. RR=0.84, 95% Cl=
0.81-0.86 unadjusted; p-heterogeneity = 0.36; Fig. 1f).

Table 1 (for overall results) and Supplementary Fig. 2 (for study-
specific results) present results from other subgroup analyses. In
subgroup analysis by tumour subtype, significantly inverse associa-
tions were observed with both ER-positive (RR=0.75, 95% Cl=
0.65-0.87) and ER-negative breast cancers (RR=0.60, 95% Cl=
0.38-0.98). Although the summary RR was slightly stronger for ER-
negative tumours, the difference was not statistically significant
(p-heterogeneity = 0.29). In subgroup analysis by age of BMI, we
compared the results from studies that included BMI at age <18
years (RR=0.87, 95% Cl = 0.82-0.91) vs. at 18 years (RR =0.79, 95%
Cl=0.72-0.87) vs. >18 years (RR=0.85, 95% Cl=0.79-0.91) and
found similar results (p-heterogeneity = 0.63). The summary RRs were
also similar in studies with self-reported BMI (RR =0.83, 95% Cl =
0.79-0.87) vs. measured BMI (RR=0.86, 95% Cl=0.80-0.93;
p-heterogeneity =049) and in studies from the USA (RR=

0.82, 95% Cl=0.78-0.87) vs. Europe (RR=0.86, 95% Cl=
0.82-090) vs. other regions (RR=0.81, 95% Cl=0.69-0.96;
p-heterogeneity = 0.45).
Endometrial cancer
A total of 4,539 endometrial cancer cases from 662,779

participants were included in the meta-analyses of early-life BMI
and endometrial cancer risk (range of BMI: 15.3-32.5 kg/m?).
Each 5-kg/m? increase in early-life BMI was statistically signifi-
cantly associated with a 1.40-fold increased risk of endometrial
cancer (summary RR = 1.40, 95% Cl = 1.25-1.57) with evidence of
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Table 1. Summary of subgroup analyses for early-life BMI and breast and ovarian cancer risks.
Cancer site Subgroups Number of studies Summary RR P P-heterogeneity
included (95% Cl)
Within Between
subgroup subgroups
Breast cancer Tumour subtype Oestrogen receptor- 5 0.75 (0.65, 0.87) 74.9% 0.003 0.29
positive
Oestrogen receptor- 3 0.60 (0.38, 0.98) 77.5% 0.01
negative
Age of BMI BMI at age <18 7 0.87 (0.82, 0.91) 77.8% <0.001 0.63
BMI at age 18 10 0.79 (0.72, 0.87) 58.4% 0.01
BMI at age >18 0.85 (0.79, 0.91)  38.9% 0.11
BMI Measured 0.86 (0.80, 0.93)  68.0% 0.008 0.49
assessment method gt reported 20 0.83 (0.79, 0.87)  60.4% <0.001
Region USA 12 0.82 (0.78, 0.87)  59.1% 0.005 0.45
Europe 10 0.86 (0.82, 0.90)  33.8% 0.14
Other 4 0.81 (0.69, 0.96) 79.2% 0.002
Ovarian cancer  Region USA 4 1.18 (1.05, 1.31) 0.0% 0.66 0.57
Europe 3 1.11 (0.97, 1.27) 33.8% 0.22

This table shows the results from subgroup analyses by tumour subtype, age of BMI, BMI assessment method, and region.

BMI body mass index, C/ confidence interval, RR relative risk.

high heterogeneity (1 =72.3%, p <0.001; Fig. 2a). Although we
observed heterogeneity in the magnitude of associations among
studies, with RRs ranging from 1.07 to 1.95, there was no variation
in the direction of associations. Small study effects, such as
publication bias, were not evident with Egger's test (p =0.63).
In the nonlinear dose-response meta-analysis, there was
evidence of nonlinearity, suggesting a steeper elevation of risk
at BMI> 23 kg/m? (p-nonlinearity = 0.004; Fig. 2b). In subgroup
analysis by adjustment for adult BMI, the positive association with
early-life BMI was attenuated in the adult BMI-adjusted models
(summary RR=1.23, 95% Cl=0.91-1.66 adjusted vs. RR=1.62,
95% Cl=1.33-1.96 unadjusted) but the difference was not
statistically significant (p-heterogeneity = 0.19; Fig. 2c).

Ovarian cancer

A total of 2,692 ovarian cancer cases from 496,391 participants were
included in the meta-analyses of early-life BMI and ovarian cancer
risk (range of BMI: 14.6-32.5 kg/m?). The summary RR for each 5-kg/
m? increase in early-life BMI in relation to ovarian cancer risk was
1.15 (95% Cl = 1.07-1.23) with no evidence of heterogeneity (¥ =
0%, p = 0.54; Fig. 3a). Small study effects, such as publication bias,
were not evident with Egger's test (p=0.72). In the nonlinear
dose-response meta-analysis, there was suggestive evidence of
nonlinearity with a steeper risk elevation at BMI> 23 kg/m?
(p-nonlinearity = 0.05) (Fig. 3b). In the subgroup analysis by region,
summary RRs were similar between studies from USA (RR=1.18,
95% Cl=1.05-1.31) and Europe (RR=1.11, 95% Cl=0.97-1.27;
p-heterogeneity = 0.57; Table 1 and Supplementary Fig. 3).

Sensitivity analyses

Similar results were observed in sensitivity analyses that excluded
studies with pictogram assessment and those with the converted
reference group (data not shown). The results were also robust in
the influence analysis that excluded one study at a time (data not
shown).

DISCUSSION
Our dose-response meta-analysis of 37 prospective studies
estimated a 16% reduced breast cancer risk, a 40% increased
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endometrial cancer risk, and a 15% increased ovarian cancer risk
associated with every 5-kg/m? increase in early-life BMI. The
inverse association with breast cancer risk was similar between
pre- and postmenopausal women and remained statistically
significant after additional adjustment for current adult BMI,
suggesting that the association is independent of adult body
fatness and not modified by menopausal status. Our findings also
suggest possible nonlinear relationships (e.g. threshold effects) of
early-life BMI with premenopausal breast cancer, endometrial
cancer, and ovarian cancer risks showing a steeper risk change
occurring at BMI >23 kg/m?.

Our findings provide the evidence supporting the long-term effects
of early-life BMI on three major female cancer risks. In our analyses,
the positive associations with endometrial and ovarian cancer risks
and the inverse association with breast cancer risk were consistently
observed in most studies that adjusted for various adult risk factors
including parity, age at first birth, and physical activity, suggesting
that the associations are independent of these adult risk factors. Our
findings are also consistent with those from previous meta-analyses
[13, 14, 391. In the current meta-analysis, we additionally performed
various subgroup analyses and observed that the associations were
also largely consistent across different populations and assessment
methods. Our subgroup analyses demonstrated that there was no
systematic difference in risk estimates between the studies with self-
reported vs. measured data and thus the associations are unlikely to
be fully explained by the related potential biases and methodological
issues. The associations are also unlikely to be fully explained by
confounding because in many studies the associations were similar
between age-adjusted and multivariable-adjusted models that
included potential confounders such as birthweight and lifestyle risk
factors [18-20, 23, 25, 27, 32, 34, 61, 62, 64, 69, 70]. Further, although
we observed moderate to high heterogeneity across the studies, the
heterogeneity was primarily due to the variation in the magnitude of
associations, not the direction of the associations. Compared with
large studies, small studies tended to show variable estimates,
possibly contributing to the heterogeneity in the estimates among
the studies.

For breast and endometrial cancers, we also conducted a subgroup
analysis by the adjustment for adult BMI, a potential mediator, among
the studies that reported both models with and without adjustment
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Cohort name, Year RR (95% CI)
IWHS, 1993 e 1.38 (1.01, 1.87)
NCSDC, 2004 I N— 1.40 (1.1, 1.76)
NIH-AARP, 2007 - : 1.07 (0.84, 1.36)
CTS (never HT users), 2010 4*7 1.40 (1.16, 1.76)
CTS (ever HT users), 2010 7—-—:— 1.16 (0.86, 1.54)
CTS (E+P users), 2010 7—.—‘: 1.10 (0.86, 1.40)
MEG, 2010 ————=————— 1.70(1.29,2.23)
MWS, 2012 : — = 1.95(1.67,227)
ARIC, 2014 :,—.7 1.69 (1.40, 2.03)
CPS-II, 2014 —-—%7 1.29 (1.12, 1.49)
NHS/NHSII, 2015 + 1.62 (1.31,1.99)
BWHS, 2016 —-—:‘ 1.24 (1.08, 1.42)
Overall (I-squared = 72.3%, p = 0.000) (;T> 1.40 (1.25, 1.57)

T ! T T
0.8 1 1.5 23
RR for 5kg/m? increase of BMI

Cohort name, Year RR (95% CI)
(Unadjusted for adult BMI)

NHS/NHSII, 2015 —h— 1.62 (1.31, 1.99)
ARIC, 2014 —a— 1.69 (1.40, 2.03)
CPS-INC, 2014 —— 1.29 (1.12, 1.49)
MWS, 2012 —l— 195(1.67,227)
Overall (I-squared = 80.6%, p = 0.001) <> 1.62 (1.33, 1.96)

(Adjusted for adult BMI)

NHS/NHSII, 2015 — 0.89 (0.71, 1.11)
ARIC, 2014 —l——— 1.83(1.47,2.26)
CPS-INC, 2014 —— 1.43 (1.24, 1.65)
MWS, 2012 —— 0.98 (0.83, 1.16)
Overall (-squared = 90.9%, p=0.000) == = 1.23 (0.91, 1.66)
T T T
0.7 1 15 2.3

RR for 5kg/m? increase of BMI
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@
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Best fitting cubic spline
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Fig. 2 Linear and nonlinear dose-response relationships for early-life BMI and endometrial cancer risk. This figure shows the results
from a linear dose-response relationship with endometrial cancer; b nonlinear dose-response relationship with endometrial cancer
(p-nonlinearity = 0.004); ¢ subgroup analysis by adjustment for adult BMI (p-heterogeneity = 0.19). The black squares and horizontal lines
represent study-specific relative risks and their 95% confidence intervals. The area of each black square reflects the weight each study
contributes to the meta-analysis. The middle and horizontal tips of diamonds represent summary RRs and their 95% confidence intervals,
respectively. The P values were calculated from Cochran’s Q test; all statistical tests were two-sided.

a

Cohort name, Year RR (95% Cl)

Norwegian cohort, 2003 — 1.18 (0.94, 1.47)
NCSDC, 2003 B 0.90 (0.70, 1.18)
IWHS, 2004 ———a—— 1.23(0.92, 1.65)
NIH-AARP, 2009 +————=—— 1.31(0.98, 1.74)
CSHRR, 2019 —— 1.16 (1.03, 1.31)
NHS, 2019 —— 1.19 (1.01, 1.39)
NHSII, 2019 — - 1.05 (0.84, 1.32)
Overall (I-squared = 0.0%, p = 0.542) 1.15(1.07, 1.23)

0?6 1 1.‘15 1‘.8

RR for 5kg/m2 increase of BMI

b ,,
1.5 4
o
i
°
2
T 14
£
@
w
Best fitting cubic spline
054 L L L —T———Qs%conhdenc?m(erva\
14 19 24 29 34

Body mass index (kg/mz)

Fig. 3 Linear and nonlinear dose-response relationships for early-life BMI and ovarian cancer risk. This figure shows the results from
a linear dose-response relationship with ovarian cancer; b nonlinear dose-response relationship with ovarian cancer (p-nonlinearity = 0.05).
The black squares and horizontal lines represent study-specific relative risks and their 95% confidence intervals. The area of each black square
reflects the weight each study contributes to the meta-analysis. The middle and horizontal tips of diamonds represent summary RRs and their
95% confidence intervals, respectively. The P values were calculated from Cochran’s Q test; all statistical tests were two-sided.

for current adult BMI. In previous meta-analyses [13, 14, 39], different
numbers of studies were included for adjusted vs. unadjusted
estimates and thus it is difficult to clarify whether any variation in RRs
and 95% Cls are due to statistical power or study population
difference. By restricting the analysis to the studies that reported both
models, we increased the comparability between the results and
reduced the possibility of differences in statistical power (e.g. number
of studies included) creating spurious heterogeneity. For breast
cancer, we observed that the association did not materially change

and remained statistically significant after additional adjustment for
adult BMI, further supporting the independent association of early-life
BMI and the pathways not mediated by adult BMI. On the other hand,
the association for endometrial cancer was substantially attenuated in
the adult BMI-adjusted models, suggesting that a large proportion of
the association may be explained by the adult BMI-mediated
pathways and that adult adiposity may be more aetiologically
relevant to endometrial carcinogenesis. Similarly, a previous meta-
analysis of case—control studies reported that the association
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between early-life BMI and ovarian cancer disappeared after the
adjustment for adult BMI [35]. Overweight and obese girls are more
likely to become obese adults [72], and adult obesity is an important
risk factor for various cancer sites [12, 14] including endometrial [13]
and ovarian cancers [14, 35]. Adipose tissue secretes adipokines,
such as leptin, that promotes inflammation and cellular proliferation
[73]. Leptin can also regulate sex hormone binding globulin
expression [74] and increase bioavailability of oestrogens. Post-
menopausal obesity also increases circulating levels of oestrogens
via aromatase activity in adipose tissues [75], promoting cellular
proliferation and tumorigenesis. However, for breast cancer, we
observed inverse associations of early-life BMI with both pre- and
postmenopausal breast cancer risks. These findings suggest that the
adult BMl-independent pathways may also exist to counteract the
adverse effect of the adult BMI-mediated pathways. Further, given
that the direction of associations for early-life BMI is consistent with
that of adult BMI and premenopausal, but not postmenopausal,
breast cancer [12], the related mechanisms for early-life BMI are
more likely to be similar with those of adult BMI and premenopausal
breast cancer (e.g. anovulation) as opposed to those of adult BMI
and postmenopausal breast cancer (e.g. aromatisation). Moreover,
the inverse association specifically found with breast cancer but not
with other cancer sites (e.g. ovarian and endometrial cancers)
suggest that the differential mechanisms, such as breast tissue-
specific effects, are likely to be involved in breast carcinogenesis.

In the current study, we were able to conduct various subgroup
analyses that was not performed in previous meta-analyses of early-
life BMI [13, 14, 39]. For breast cancer, we observed that the
associations were similar between studies using BMI at different ages.
Although some studies have suggested that carcinogenic exposure
before vs. after menarche and before vs. after the first childbirth may
differentially influence mammographic density [76] and breast cancer
risk [77], our subgroup analysis found no evidence of heterogeneity in
breast cancer risk associations by age of BMI (10-17 years vs. 18 years
vs. 19-25 years). Our findings suggest that the inverse association
between early-life BMI and breast cancer risk may originate as early as
age 10 years, possibly prior to menarche. In our analysis, we were not
able to estimate summary RRs for BMI at very young ages (<10 years)
because only few studies reported body fatness at age <10 years. In
the current study, we were also able to perform subgroup analysis by
tumour subtype for breast cancer. We observed that early-life BMI was
significantly inversely associated with both ER-positive and ER-
negative breast cancers, suggesting that both oestrogen-dependent
and oestrogen-independent pathways may be involved. For ovarian
and endometrial cancers, we were not able to examine the differential
associations by tumour subtype because only few recent studies have
examined the associations by tumour subtypes. However, some
studies reported that, for ovarian cancer, the association with early-life
BMI may be restricted to non-serous ovarian cancer [31, 35, 71].
Further studies are needed to clarify the aetiology of early-life BMI on
different tumour subtypes in women.

Although the exact mechanisms for the inverse associa-
tion between early-life BMI and breast cancer risk are unknown,
there are potential pathways that may explain the associations.
Previous studies have shown lower circulating levels of adult insulin-
like growth factor (IGF)-l in women who were overweight or obese
(vs. normal weight) during childhood [78]. Circulating levels of adult
IGF-1 are associated with an increased breast cancer risk [79] and
lower levels of age-related lobular involution (the age-related atrophy
of epithelial structures) of breast tissue [80]. Studies also suggest the
lifelong impact of early-life body fatness on breast density (lower
overall density [81, 82] and image intensity variation of dense tissue
on a mammogram [82]), breast tissue composition (higher proportion
of adipose tissue and lower proportion of stromal tissue) [83], breast
tissue expression of cell proliferation marker Ki67 [84], and breast
transcriptome [85]. Early-life body fatness may influence breast cancer
risk by contributing to lifelong setpoints of these intermediate
markers. In the Nurses’ Health Study (NHS) and NHSII cohorts, a
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mediation analysis was conducted and found that a large proportion
of the association between early-life body fatness and breast cancer
was mediated by percent mammographic density in both pre-
(71%-82%) and postmenopausal (26%-98%) women [86]. It is
possible that a greater proportion of the association may be
explained when multiple breast tissue-specific pathways are con-
sidered in the future studies.

Our dose-response meta-analysis also suggested nonlinear rela-
tionships of early-life BMI with premenopausal breast, endometrial,
and ovarian cancer risks. Our finding is largely consistent with a
previous pooled analysis of premenopausal breast cancer, which
observed leveling of risk for underweight women [87]. These findings
suggest that the effects of early-life BMI may require certain BMI
thresholds. However, while the previous pooled analysis focused only
on premenopausal women [38], our analysis additionally included a
large number of cases from postmenopausal breast cancers and
observed no evidence of nonlinearity with postmenopausal breast
cancer risk, suggesting that the potential threshold effect may not
universally apply to all cancer sites. Further studies are needed to
clarify the possible threshold effects of early-life BMI on female
cancer risks.

Our study has several limitations. Although we included fully
adjusted models in the analysis, we cannot exclude the possibility of
residual confounding if the individual studies included in our meta-
analysis did not adequately adjust for potential confounders. Studies
rarely had adequate data on genetic factors and early-life environ-
mental exposures that are likely to influence the associations. Our
meta-analysis is also not free form publication bias as we included
published studies only. However, we observed no indication of
publication bias based on Egger’s test. As the recall of early-life
exposures is often very difficult, measurement error is likely to occur
in the assessment of early-life BMI. However, in our subgroup
analyses, we observed no significant differences between results from
studies with measured vs. self-reported early-life BMI.

Despite the limitations, our study has important strengths. We
examined both linear and non-linear dose-response relationships of
early-life BMI with breast, endometrial, and ovarian cancer risks.
Previous meta-analyses focused on linear dose-response relationships
and the comparison of the highest vs. lowest categories of early-life
BML. In our nonlinear dose-response meta-analysis, we were able to
explore the shape of the relationships and quantify the risks
associated with specific levels of early-life BMI. In our meta-analysis,
we included prospective studies only and thus recall bias is likely to
be reduced and any measurement error in early-life BMI is likely to be
non-differential. When examining the associations independent of
adult BMI, we compared studies that reported both models with and
without additional adjustment for adult BMI. This method increased
the comparability between results from these two models. Further,
our meta-analysis included 15 additional studies for breast cancer and
4 additional studies for ovarian cancer that were not part of the
previous pooling studies [37, 38], allowing us to comprehensively
perform various subgroup analyses to investigate potential effect
modification and variation in associations due to methodologic
differences. Compared with the most recent meta-analyses
[13, 14, 39], we additionally included 9 studies for breast cancer,
2 studies for endometrial cancer, and 1 study for ovarian cancer
analyses. Lastly, we observed similar results in sensitivity analyses and
thereby confirmed the robustness of our results.

Our findings enhanced our understanding of the associations
between early-life body fatness and female cancer risks. In summary,
our dose-response meta-analysis of 37 prospective studies supports
the positive associations of early-life body fatness with ovarian and
endometrial cancers and an inverse association with breast cancer
risk. Despite the reduced breast cancer risk associated with early-life
body fatness, childhood obesity should not be promoted as a
preventive strategy for breast cancer as it is also associated with
increased risks of various other cancer sites including endometrial and
ovarian cancers.
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