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ABSTRACT
Background: The epidemiologic studies investigating the association of birthweight and genetic
factors with gastrointestinal cancer remain scarce. The study aimed to prospectively assess the
interactions and joint effects of birthweight and genetic risk levels on gastrointestinal cancer
incidence in adulthood.
Methods: A total of 254,997 participants were included in the UK Biobank study. We used multi-
variate restricted cubic splines and Cox regression models to estimate the hazard ratios (HRs)
and 95% confidential intervals (CI) for the association between birthweight and gastrointestinal
cancer risk, then constructed a polygenic risk score (PRS) to assess its interaction and joint effect
with birthweight on the development of gastrointestinal cancer.
Results: We documented 2512 incident cases during a median follow-up of 8.88 years. Compare
with participants reporting a normal birthweight (2.5–4.5 kg), multivariable-adjusted HR of
gastrointestinal cancer incidence for participants with high birthweight (�4.5 kg) was 1.17
(95%CI: 1.01–1.36). Such association was remarkably observed in pancreatic cancer, with an HR
of 1.82 (95%CI: 1.26–2.64). No statistically significant association was observed between low
birth weight and gastrointestinal cancers. Participants with high birthweight and high PRS had
the highest risk of gastrointestinal cancer (HR: 2.95, 95%CI: 2.19–3.96).
Conclusion: Our findings highlight that high birthweight is associated with a higher incidence
of gastrointestinal cancer, especially for pancreatic cancer. Benefits would be obtained from
birthweight control, particularly for individuals with a high genetic risk.

KEY MESSAGES

� The epidemiologic studies investigating the association of birthweight and genetic factors
with gastrointestinal cancer remain scarce.

� This cohort study of 254,997 adults in the United Kingdom found an association of high
birthweight with the incidence of gastrointestinal cancer, especially for pancreatic cancer,
and also found that participants with high birthweight and high polygenic risk score had the
highest risk of gastrointestinal cancer.

� Our data suggests a possible effect of in utero or early life exposures on adulthood gastro-
intestinal cancer, especially for those with a high genetic risk.
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1. Introduction

Gastrointestinal cancer has represented over one-

quarter of the global cancer incidence, with an

estimated 5.5 million new cases worldwide in 2020 [1].

It includes mouth cancer, esophagus cancer, stomach
cancer, liver cancer, biliary duct cancer, pancreatic can-
cer, and colorectal cancer. In recent years, colorectal,
liver, and stomach cancers have been the second,
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third, and fourth leading causes of cancer deaths, just
behind lung cancer [1,2]. Moreover, cancers of mouth,
esophagus, biliary tract, and pancreas have also
become a growing global concern due to increasing
incidence and poor prognosis [3–7]. Generally, several
factors including age, sex, family history, smoking, and
alcohol intake have been reported to contribute to
the development of gastrointestinal cancer [8].
However, more than 20% of liver cancers, more than
40% of colon and stomach cancers, more than 60% of
gallbladder cancers, and more than 70% of pancreatic
cancers could not be explained by these known risk
factors [8]. In view of the high incidence and aggres-
sive nature of gastrointestinal cancer, to identify the
‘high risk population’ as early as possible is crucial for
strategies of cancer prevention.

As a widely used measure of fetal growth and intra-
uterine malnutrition, birthweight has been reported to
predict the risk of several diseases in infancy and
adulthood [9]. Substantial evidence supports the asso-
ciations of birthweight with increased risk of metabolic
disease, such as type 2 diabetes [10–14] and cardio-
vascular disease [15–18], which may share etiological
pathways with gastrointestinal cancer [19–21].
However, results on birthweight and gastrointestinal
cancer risk remain inconsistent, with linear [22,23],
non-linear [22,24,25], and null associations [26,27]
reported. For example, in the studies from the
Copenhagen School Health Records Register (CSHRR),
birthweight was reported to be positively associated
with the risk of colon but inversely associated with
rectal cancer [22], positively associated with the risk of
liver cancer in women but not in men [25]. Studies on
other sites (mouth, esophagus, biliary duct, etc.) are
too limited to draw a conclusion.

Accumulating evidences have shown that genetic
factors are crucial in the development of gastrointes-
tinal cancer [28–30]. A Nordic study on twins esti-
mated that inherited genes contribute to the risk of
28% of stomach, 35% of colorectal, and 36% of pan-
creas cancer, respectively [29]. To date, many risk gen-
etic variants have been identified by genome-wide
association studies (GWAS), but each variant accounts
for only a small fraction of the genetic risk of cancer
[31]. Therefore, polygenic risk scores (PRS) are devel-
oped to consider the accumulative effects of these
genetic variants with a small effect in a risk model
and have been shown to be effective in predicting
cancer risk and other clinical outcomes [32,33]. It is
well-known that common complex traits or diseases
result from a combination of both environmental and
genetic factors and the interactions between them.

Birthweight is a physical measure that combines
effects from both non-genetic and genetic factors.
Several studies have reported that genetic factors
could modify associations between birthweight and
diseases [34,35]. However, the association of birth-
weight and genetic factors with gastrointestinal cancer
is still not clear.

2. Methods

2.1. Study population

This prospective study used the publicly available data
from UK Biobank (https://www.ukbiobank.ac.uk/). From
2006 to 2010, the UK Biobank recruited over 500,000
people aged 40–69. Participants went to one of 22
assessment centers in England, Wales, and Scotland
and filled out self-reported touchscreen questionnaires
as well as provided biological samples for various
types of testing [36]. Data were collected including
comprehensive personal and exposure information,
and physical measurements. The UK Biobank cohort
was granted ethics approval from the North West
Multicenter Research Ethics Committee. All the partici-
pants provided informed written consent.

In this study, we excluded the participants who
reported a history of cancer at baseline (n¼ 46,333)
and those who had missing birthweight data
(n¼ 200,928), leaving 254,997 participants in the final
analysis (Supplementary Figure S1).

2.2. Birthweight

At baseline, participants were required to report their
own birthweight via a verbal interview at the UK
Biobank Assessment Centre (UK Biobank field ID:
20022). The Interviews were conducted by the trained
nurses. Birthweight were first recorded in kilograms
(kg) or in ounces and pounds, and then all converted
into kg.

2.3. Genotyping

Participants were genotyped using the Applied
Biosystems UK BiLEVE Axiom Array (807,411 markers
tested for 49,950 participants) or Applied Biosystems
UK Biobank Axiom Array (825,927 markers tested for
438,427 participants) by Affymetrix. These arrays share
more than 95% of single-nucleotide polymorphisms
(SNP) tested. Imputation was performed with
SHAPEIT3 and IMPUTE3 based on merged UK10K and
1000 Genomes phase 3 panels.
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2.4. PRS calculation

The PRS of gastrointestinal cancer was calculated
based on previous literature [31]. Briefly, we extracted
each gastrointestinal cancer-related single nucleotide
polymorphisms (SNPs) and effect sizes (odds ratios
[ORs]) reported in the literature (summarized in Table
S1) [31]. In our study, we constructed the PRSs by
using the risk-associated SNPs for oral, colorectal,
esophageal, pancreatic, and stomach cancers. The cor-
responding age-standardized incidence rates (hk) of
UK population were extracted [37]. The PRSi,k of a cer-
tain gastrointestinal cancer (k) of ith individual is cal-
culated by multiplying the dosage of the risk allele of
each SNP and the corresponding weight [log (ORs)]
and then adding them up. Subsequently, the PRS of
gastrointestinal cancer is the sum of the products of
PRSi,k and hk, which is defined as follows:

PRSi ¼
Xk

k¼1

hkPRSi, k

2.5. Follow-up and outcomes

Incident cancer cases from the UK Biobank cohort
were recorded in linkage to national cancer and death
registries. Participants were followed up from their ini-
tial visit to the end of October 2015 in Scotland and
the end of March 2016 in England and Wales.

The diagnosis of gastrointestinal cancer was con-
firmed by electronic health records and was coded
according to the 10th Revision of the International
Classification of Diseases (ICD-10). For oral (C03–C06),
esophageal (C15), stomach (C16), colorectal (C18–20),
liver (C22), biliary tract (C23–24), and pancreatic (C25)
malignancies, separate analyses were carried out.
According to the anatomical sub-site, colorectal cancer
cases were divided into two groups: malignancies of
the colon (C18) and rectum (C19–20).

2.6. Covariates

Covariates were obtained from questionnaires at base-
line and included as follows: age at recruitment, gen-
der, race, income, family history of cancer, smoking
status, alcohol consumption, aspirin intake, meno-
pause status, and the intake of oily fish and processed
meat. Body mass index (BMI) was derived by weight
(kg) and height (m). Physical activity was measured by
total metabolic equivalent task (MET) hours per week
for all activity including walking, and moderate and
vigorous activity.

2.7. Statistical analysis

Followed-up time was calculated from the baseline to
the first record of gastrointestinal cancer diagnosis or
censoring. Censoring was defined as the date of
death, withdrawal from the study, or the end of fol-
low-up, whichever occurred first.

Multivariate restricted cubic splines were used to
examine the dose-response association between birth-
weight and gastrointestinal cancer risk, with p< 0.05
as significant nonlinearity. We also calculated the haz-
ard ratios (HRs) and 95% confidence intervals (CIs) to
assess the associations of birthweight, and genetic fac-
tors with gastrointestinal cancer risk, using multivari-
ate Cox proportional hazard models. The proportional
hazards assumption was tested using a cross-product
term of log(time) and birthweight, and no violations
were observed (p> 0.05). Multivariate models were
adjusted by the following covariates: sex, age at
recruitment, race, income, family history of cancer,
body mass index, alcohol status, smoking status, phys-
ical activity, take aspirin, menopause status, and the
top genetic principal components of each gastrointes-
tinal cancer.

In view of the nonlinear association between birth-
weight and gastrointestinal cancer risk (Supplementary
Figure S2(A)), we categorized birthweight into three
groups: low (<2.5 kg), normal (2.5–4.5 kg), and high
(�4.5 kg), according to the international standards.
The PRS was categorized into low (tertile 1), intermedi-
ate (tertile 2), and high (tertile 3). We also conducted
the stratified analyses by sex (male, female), age (<60,
�60 years), tobacco smoking (never, smoker), alcohol
drinking (non-excessive, excessive), BMI (<25, �25 kg/
m2), aspirin use (no, yes), physical activity (<29.5,
�29.5 METS-hours/week), and family history of cancer
(no, yes), respectively. p-Values for interaction were
tested by introducing a product term of the two varia-
bles studied in the regression models. To test the joint
effects of birthweight and genetic factors on gastro-
intestinal cancer risk, we categorized the participants
into 9 groups according to birthweight and the tertiles
of PRS. The relative excess risk due to interaction
(RERI) and the attributable proportion because of the
interaction (AP) were estimated to test for statistical
significance of additive interactions by using Cox pro-
portional hazards regression models [38]. The 95% CIs
of the RERI and AP were calculated by randomly
selecting 5000 bootstrap samples from the estimation
datasets [39]. Statistical analyses in our study were
performed using SAS 9.4 (SAS Institute, Cary, NC, USA)
and R 4.0.2. A two-sided p< 0.05 was considered stat-
istically for all the tests, if not specified.
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3. Results

During a median follow-up of 8.88 years, there were
2512 incident cases of gastrointestinal cancer among
254,997 participants for analysis. We used multivariate
restricted cubic splines and found that there was a
nonlinear association between birthweight and gastro-
intestinal cancer risk (Supplementary Figure S2(A)). Of
2512 incident cases, 257 (10.2%) were born with low
birthweight (<2.5 kg) and 198 (7.9%) were born with
high birthweight (�4.5 kg). Other baseline characteris-
tics of participants based on the birthweight groups
are shown in Table 1.

We performed Cox proportional hazard models to
investigate the association of birthweight with overall
and each classification of gastrointestinal cancer risk
(Table 2). Participants with high birthweight had an
increased risk of gastrointestinal cancer (multivariable
HR: 1.17, 95%CI: 1.01–1.36) compared with those with
normal birthweight. Such association was remarkably
observed in pancreatic cancer (multivariable HR: 1.82,
95%CI: 1.26–2.64). Consistent with overall gastrointes-
tinal cancer, the association was U-shaped between
birthweight and pancreatic cancer risk by multivariate
restricted cubic splines (Supplementary Figure S2(B)).

Table 1. Characteristics of study participants according to birthweight at baseline.a

Characteristics Birthweight (<2.5 kg) Birthweight (2.5–4.5 kg) Birthweight (�4.5 kg)

Person-years 226,621 1,902,274 113,322
Age at recruitment (years) 56.11 ± 7.94 54.67 ± 8.09 56.92 ± 8.04
Male (%) 7662 (29.76) 86,865 (40.16) 7808 (60.35)
White race (%) 24,601 (95.95) 209,120 (96.97) 12,539 (97.22)
Born in England (%) 20,570 (79.95) 174,369 (80.66) 9976 (77.17)
Income (%)
<18,000 5428 (21.08) 34,489 (15.94) 2617 (20.23)
18,000–30,999 5774 (22.42) 44,292 (20.48) 2782 (21.5)
31,000–51,999 5510 (21.4) 53,153 (24.57) 2888 (22.32)
52,000–100,000 3998 (15.53) 44,783 (20.7) 2244 (17.34)
>100,000 932 (3.62) 12,270 (5.67) 592 (4.58)
not known 4107 (15.95) 27,323 (12.63) 1815 (14.03)

Alcohol intake frequency (%)
Never 2322 (9.03) 14,345 (6.64) 961 (7.44)
<1 occasion per week 3660 (14.24) 23,264 (10.77) 1304 (10.09)
¼1 occasion per week 3290 (12.80) 25,189 (11.66) 1366 (10.57)
2–4 occasion per week 7012 (27.28) 57,489 (26.61) 3359 (26.00)
5–6 occasion per week 5409 (21.04) 52,556 (24.33) 3165 (24.50)
�7 occasion per week 4014 (15.61) 43,183 (19.99) 2763 (21.39)

Smoking status (%)
Non-smokers 15,495 (60.48) 123,108 (57.10) 6119 (47.56)
Current smokers 7534 (29.41) 71,088 (32.97) 5169 (40.17)
Ex-smokers 2591 (10.11) 21,399 (9.93) 1579 (12.27)

BMI (%, kg/m2) 27.61 ± 5.18 27.22 ± 4.83 28.59 ± 5.01
<18.5 187 (0.73) 1209 (0.56) 35 (0.27)
18.5–24.9 8466 (33.02) 75,198 (34.88) 3047 (23.66)
25–29.9 10,198 (39.78) 88,929 (41.25) 5572 (43.27)
�30 6785 (26.47) 50,248 (23.31) 4,223 (32.79)

Physical activity (METS hours per week) 43.95 ± 44.60 43.89 ± 44.40 48.07 ± 49.28
Family history of cancer (%) 9048 (36.39) 72,194 (34.05) 4950 (39.32)
Menopause (%)b

No 4088 (22.66) 39,181 (30.32) 1102 (21.54)
Yes 10,828 (60.01) 70,431 (54.50) 3160 (61.75)
Not sure 3128 (17.34) 19,615 (15.18) 855 (16.70)

Oily fish (%)
Never 2904 (11.35) 22,792 (10.58) 1457 (11.33)
<1 occasion per week 8109 (31.69) 71,878 (33.37) 4191 (32.60)
¼1 occasion per week 9737 (38.05) 82,468 (38.29) 4729 (36.78)
2–4 occasions per week 4614 (18.03) 36,419 (16.91) 2328 (18.11)
5–6 occasions per week 167 (0.65) 1427 (0.66) 109 (0.85)
�7 occasions per week 60 (0.23) 394 (0.18) 43 (0.33)

Processed meat (%)
Never 2501 (9.74) 20,574 (9.53) 1131 (8.76)
<1 occasion per week 8458 (32.94) 67,394 (31.21) 3586 (27.77)
¼1 occasion per week 7606 (29.62) 63,549 (29.43) 3825 (29.62)
2–4 occasions per week 6335 (24.67) 56,675 (26.25) 3773 (29.22)
5–6 occasions per week 607 (2.36) 6236 (2.89) 475 (3.68)
�7 occasions per week 171 (0.67) 1502 (0.70) 124 (0.96)

Take aspirin (%) 3617 (14.17) 24,306 (11.33) 2009 (15.68)

BMI: body mass index; METS: metabolic equivalents task score.
aValues are shown with means (standard deviation) for continuous variables, and with frequencies (percentages) for categorical variables.
bOnly for female.
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No statistically significant association was observed
between low birth weight and gastrointes-
tinal cancers.

We also conducted cumulative risk analysis accord-
ing to birthweight and PRS, respectively (Figure 1). For
birthweight, there was a consistent trend of increasing
cumulative risk for gastrointestinal cancer incidence
over follow-up time. The cumulative incidence was
highest for participants with high birthweight. For PRS
of gastrointestinal cancer, a similar trend was also
observed, and higher PRS were related to higher
gastrointestinal cancer risk. In the joint analysis of

birthweight and PRS, we identified that the risk of
gastrointestinal cancer was significantly increased with
increasing PRS (Figure 2). Compared with participants
with normal birthweight and low PRS, those with high
birthweight and high PRS had the highest risk of
gastrointestinal cancer (HR: 2.95, 95%CI: 2.19–3.96).

Interactions between birthweight and PRS on
gastrointestinal cancer incidence were further investi-
gated, and a border additive interaction was found
(Table 3). For high birthweight participants with high
PRS, the RERI was 0.57 (95%CI: �0.10–1.24, p¼ 0.095);
and AP showed that the additive interaction accounted

Table 2. Association between birthweight and gastrointestinal cancer risk.
Birthweight

<2.5 kg 2.5–4.5 kg �4.5 kg

Gastrointestinal cancer
Cases/person-years 257/226,621 2,057/1,902,274 198/113,322
Age and gender-adjusted HR (95% CI) 0.97 (0.85–1.11) 1.00 (ref) 1.24 (1.07–1.44)
Age, gender, and BMI-adjusted HR (95% CI) 0.96 (0.84, 1.10) 1.00 (ref) 1.21 (1.04, 1.41)
Multivariable-adjusted HR (95% CI)a 0.96 (0.84–1.10) 1.00 (ref) 1.17 (1.01, 1.36)

Mouth cancer
Cases/person-years 6/227,455 40/1,908,950 3/113,919
Age and gender-adjusted HR (95% CI) 1.18 (0.46–3.00) 1.00 (ref) 1.05 (0.32–3.41)
Age, gender, and BMI-adjusted HR (95% CI) 1.19 (0.47, 3.03) 1.00 (ref) 1.10 (0.34, 3.58)
Multivariable-adjusted HR (95% CI)a 1.16 (0.45, 2.96) 1.00 (ref) 1.05 (0.32, 3.44)

Esophagus cancer
Cases/person-years 27/227,416 173/1,908,666 19/113,893
Age and gender-adjusted HR (95% CI) 1.38 (0.92–2.07) 1.00 (ref) 1.25 (0.77–2.01)
Age, gender, and BMI-adjusted HR (95% CI) 1.36 (0.91, 2.05) 1.00 (ref) 1.19 (0.74, 1.92)
Multivariable-adjusted HR (95% CI)a 1.35 (0.89, 2.03) 1.00 (ref) 1.12 (0.69, 1.81)

Stomach cancer
Cases/person-years 21/227,429 123/1,908,845 16/113,902
Age and gender-adjusted HR (95% CI) 1.36 (0.84–2.21) 1.00 (ref) 1.57 (0.93–2.66)
Age, gender, and BMI-adjusted HR (95% CI) 1.34 (0.82, 2.18) 1.00 (ref) 1.49 (0.88, 2.53)
Multivariable-adjusted HR (95% CI)a 1.28 (0.79, 2.09) 1.00 (ref) 1.41 (0.83, 2.39)

Liver cancer
Cases/person-years 13/227,449 117/1,908,922 10/113,915
Age and gender-adjusted HR (95% CI) 0.92 (0.52–1.64) 1.00 (ref) 0.98 (0.50–1.94)
Age, gender, and BMI-adjusted HR (95% CI) 0.92 (0.51, 1.63) 1.00 (ref) 0.95 (0.48, 1.88)
Multivariable-adjusted HR (95% CI)a 0.87 (0.49, 1.56) 1.00 (ref) 0.89 (0.45, 1.76)

Biliary duct cancer
Cases/person-years 6/227,469 58/1,908,990 2/113,936
Age and gender-adjusted HR (95% CI) 0.66 (0.27–1.66) 1.00 (ref) 0.50 (0.12–2.04)
Age, gender, and BMI-adjusted HR (95% CI) 0.64 (0.26, 1.61) 1.00 (ref) 0.45 (0.11, 1.87)
Multivariable-adjusted HR (95% CI)a 0.61 (0.25, 1.54) 1.00 (ref) 0.44 (0.11, 1.82)

Pancreatic cancer
Cases/person-years 34/227,448 233/1,908,841 37/113,890
Age and gender-adjusted HR (95% CI) 1.11 (0.77–1.60) 1.00 (ref) 1.92 (1.32–2.77)
Age, gender, and BMI-adjusted HR (95% CI) 1.09 (0.76, 1.58) 1.00 (ref) 1.86 (1.28, 2.69)
Multivariable-adjusted HR (95% CI)a 1.08 (0.75, 1.56) 1.00 (ref) 1.82 (1.26, 2.64)

Colon cancer
Cases/person-years 98/227,075 859/1,905,673 75/113,661
Age and gender-adjusted HR (95% CI) 0.88 (0.71–1.09) 1.00 (ref) 1.18 (0.93–1.50)
Age, gender, and BMI-adjusted HR (95% CI) 0.87 (0.71, 1.08) 1.00 (ref) 1.15 (0.90, 1.46)
Multivariable-adjusted HR (95% CI)a 0.88 (0.71, 1.09) 1.00 (ref) 1.12 (0.88, 1.42)

Rectal cancer
Cases/person-years 48/227,241 433/1,907,242 34/113,798
Age and gender-adjusted HR (95% CI) 0.88 (0.65–1.21) 1.00 (ref) 1.06 (0.74–1.50)
Age, gender, and BMI-adjusted HR (95% CI) 0.88 (0.64, 1.20) 1.00 (ref) 1.04 (0.73, 1.48)
Multivariable-adjusted HR (95% CI)a 0.89 (0.65, 1.22) 1.00 (ref) 1.02 (0.72, 1.45)

HR: hazard ratio; CI: confidence interval; BMI: body mass index.
aThe cox proportional hazard models were adjusted by sex (males or females), age at recruitment (years), race (White or non-white race), income
(<18,000, 18,000–30,999, 31,000–51,999, 52,000–100,000, >100,00, and not known), family history of cancer (yes or no), BMI (kg/m2), alcohol intake fre-
quency (never, special occasions only, one to three times a month, once or twice a week, three or four times a week, daily or almost daily), smoking sta-
tus (non-smokers, current smoking, previous smoking), physical activity (quartiles), take aspirin (yes or no), menopause status (no, yes, not sure), oily fish
(never, <1 occasion per week, ¼1 occasion per week, 2–4 occasions per week, 5–6 occasions per week, �7 occasions per week) and processed meat
(never, <1 occasion per week, ¼1 occasion per week, 2–4 occasions per week, 5–6 occasions per week, �7 occasions per week).
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for 21% (95%CI: 1–42%, p¼ 0.061) of gastrointestinal
cancer risk in these high-risk participants.

Finally, we conducted subgroup analyses to exam-
ine associations of birthweight with gastrointestinal
cancer risk and their interactions based on covariates
(Supplementary Figure S3). Results demonstrated no
significant association or interaction between these
factors and birthweight on gastrointestinal cancer risk.

4. Discussion

In this prospective cohort study based on the UK
Biobank, we identified that high birthweight (�4.5 kg)
was significantly associated with an increased risk of
gastrointestinal cancer, especially in pancreatic cancer.
No association has been found between low birth-
weight (<2.5 kg) and gastrointestinal cancers.
Moreover, we also found that individuals with high
birthweight and high PRS might have the highest can-
cer risk. Our findings have revealed a harmful role of
high birthweight in the development of gastrointes-
tinal cancer, which provides new evidence for the pro-
tection of fetal growth in cancer prevention. Benefits
would be obtained from birthweight control, particu-
larly for those with more risk genetic variants.

Several prospective studies have been performed
on birthweight and gastrointestinal cancers, but the
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Figure 1. The cumulative risk of gastrointestinal cancer incidence according to birthweight and genetic risk. PY: person-years. (A)
The cumulative risk of gastrointestinal cancer incidence in birthweight during follow-up. (B) The cumulative risk of gastrointestinal
cancer incidence in low, intermediate, and high genetic risk groups during follow-up.
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Figure 2. The joint effects of birthweight and genetic factors
on gastrointestinal cancer incidence. The hazard ratios (95%
CIs) of gastrointestinal cancer incidence within joint categories
of birthweight and PRS. Cox proportional hazard models were
used with adjustment for sex (male, female), age at recruit-
ment (years), race (White, non-white race), income (<18,000,
18,000–30,999, 31,000–51,999, 52,000–100,000, >100,000, and
not known), family history of cancer (yes, no), body mass
index (kg/m2), alcohol intake frequency (never, special occa-
sions only, one to three times a month, once or twice a week,
three or four times a week, and daily or almost daily), physical
activity (in quartiles), take aspirin (yes, no), menopause status
(yes, no, and not sure), oily fish (never, <1 occasion per week,
¼1 occasion per week, 2–4 occasions per week, 5–6 occasions
per week, �7 occasions per week) and processed meat (never,
<1 occasion per week, ¼1 occasion per week, 2–4 occasions
per week, 5–6 occasions per week, �7 occasions per week).
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results are inconsistent. The study conducted in the
Danish Civil Registration System [26] and the Women’s
Health Initiative (WHI) [27] reported no association of
birthweight with the risk of gastrointestinal cancers.
However, the Uppsala Birth Cohort Study reported a
linear association that one standard deviation increase
in birthweight was associated with a 13% increase in
rates of digestive cancers [23]. In addition, some stud-
ies showed nonlinear results. A Danish cohort study
reported a sex-specific association between birth-
weight of 3.75–5.50 kg and liver cancer risk in women
but not in man, as compared with birthweights
between 3.25 and 3.75 kg [25]. A study from the
CSHRR reported that birthweight is positively associ-
ated with the risk of adult colon cancer, whereas the
results for rectal cancer were inverse only in birth-
weights over 3.5 kg [22]. Non-linear result between
birthweight and incident colorectal cancer was also
observed in the European Prospective Investigation of
Cancer in Norfolk study, with an adjusted HR of 2.57
for having neonatal macrosomia at birth [24]. In this
study, we supported the nonlinear association that
high birthweight increased the risk of gastrointestinal
cancer, especially for pancreatic cancer.

Although the mechanisms of the association
between birthweight and gastrointestinal cancer risk
remain unclear, it is confirmed that restricted early life
development has a long-term structural and functional
influence on individuals’ predisposition to an increased
risk of complex diseases, such as metabolic diseases
[40,41]. Previous prospective studies have reported
that increased birthweight might increase the risk of
adult obesity [42,43], type 2 diabetes [10–14], and car-
diovascular disease [15–18]. These diseases may have
overlapping mechanisms with gastrointestinal cancer,
such as inflammation and insulin resistance [19–21].

Another potential mechanism underlying the associ-
ation between high birthweight and gastrointestinal
cancer might be through hormone levels [44]. High
birthweight may be associated with a high hormonal
exposure in utero [25], whereas estrogen have numer-
ous effects on various organs and diseases specific to
the gastrointestinal tract [45]. In addition, Adipose tis-
sue is known to be related to pancreatic inflammation,
insulin resistance, b cell dysfunction, and diabetes [46].
These processes have been suggested to play a role in
adulthood pancreatic cancer and may contribute to
the association between birth weight and pancreatic
cancer. Overweight in early childhood may also be
associated with later pancreatic cancer through a cor-
relation between childhood and adult BMI or through
an independent process that stimulates the early steps
of carcinogenesis [47]. In addition, genes may be
involved in the embryonic development of the pan-
creas and have been reported to be associated with
BMI as well as pancreatic cancer [48,49]. This supports
the role of early life exposures affecting the pancreas
in the pathway leading to the development of pancre-
atic cancer later in life.

Cancer is a class of complex chronic diseases influ-
enced by long-term interactions of genetic factors and
environmental actors [50,51]. PRS involving multiple
SNPs can better predict the individual genetic risk of
certain cancer than a single SNP which can only
explain part of tumor susceptibility [52–54]. Several
studies used integrated approaches for disease risk
[34,55–58] or mortality [59] estimation by adding PRS
information to routinely used risk predictors, finding
significant improvement [34,55] or improving the pre-
diction power of such predictors [56,57,60].

Birthweight reflects a complex interplay of genetic,
nutritional, and other environmental factors that affect

Table 3. Additive interactions between birthweight and PRS on gastrointestinal cancer risk.
Intermediate PRS High PRS

Birthweight (kg)a

<2.5
RERI (95%CI); p 0.11 (�0.27, 0.49); 0.573 0.47 (�0.10, 1.03); 0.107
AP; p 0.08 (�0.19, 0.35); 0.558 0.19 (�0.01, 0.39); 0.062

�4.5
RERI (95%CI); p 0.04 (�0.61, 0.68); 0.918 0.57 (�0.10, 1.24); 0.095
AP; p 0.02 (�0.40, 0.45); 0.917 0.21 (�0.01, 0.42); 0.061

RERI: relative excess risk because of the interaction; AP: attributable proportion because of the interaction; CI: confidence interval;
PRS: polygenic risk score.
aThe cox proportional hazard models were adjusted by sex (male, female), age at recruitment (years), race (White, non-white
race), income (<18,000, 18,000–30,999, 31,000–51,999, 52,000–100,000, >100,000, and not known), family history of cancer (yes,
no), body mass index (kg/m2), alcohol intake frequency (never, special occasions only, one to three times a month, once or twice
a week, three or four times a week, and daily or almost daily), physical activity (in quartiles), take aspirin (yes, no), menopause sta-
tus (yes, no, and not sure), oily fish (never, <1 occasion per week, ¼1 occasion per week, 2–4 occasions per week, 5–6 occasions
per week, �7 occasions per week) and processed meat (never, <1 occasion per week, ¼1 occasion per week, 2–4 occasions per
week, 5–6 occasions per week, �7 occasions per week).
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growth within the womb [9]. It is likely a summative
indicator of these factors, rather than a causative fac-
tor, in relation to the risks of chronic diseases [44]. To
our knowledge, this is the first study to investigate
the interaction between birthweight and genetic fac-
tors on the risk of gastrointestinal cancer. Our findings
showed that a combination of high genetic risk and
high birthweight enhanced the risk of gastrointestinal
cancer. Our data provided initial evidence for the
observed additive interactions between genetic factors
and birthweight, and may help to suggest that birth-
weight control may potentially influence gastrointes-
tinal cancer development, particularly in high genetic
risk populations. Future research is needed to confirm
our findings in other populations and clarify the
underlying biological mechanisms.

Strengths of this study include its prospective
cohort design, long follow-up time with a high follow-
up rate, and the ability to control for multiple gastro-
intestinal cancer risk factors. However, several poten-
tial limitations merit consideration. First, GWASs data
for liver cancer in the European population were not
available, so we are unable to include any genetic
information about liver cancer in the analysis of PRSs.
Our results related to liver cancer need to be updated
in the future. Second, the birthweight information was
self-reported in this cohort, and could not be vali-
dated. However, validity has been demonstrated for
the correlation of categories of self-reported birth-
weight to medical record information [60,61]. As
observed by earlier investigations, this problem does
not appear to change the general relationship
between birthweight and gastrointestinal cancers
[22,27]. Third, the mean age of the participants was
around 60 years old at baseline, survivor bias was
unavoidable, although no statistically significant inter-
actions between age and birthweight were found in
our stratified analyses. Fourth, information, such as
gestational age was scarce. Birthweight has tradition-
ally been thought of as a combination of postnatal
nutrition and gestational age at birth. As a result,
information bias is unavoidable, particularly when it
comes to data on maternal exposure and ‘catch-up
growth’ in low birthweight newborns. Nonetheless, we
found no evidence of an association between low
birthweight and gastrointestinal cancer. Although we
could not distinguish whether the results were influ-
enced by undernutrition or prematurity, the possibility
that their association was overestimated has a limited
impact on our study. Finally, because the majority of
covariates were only available at baseline, we cannot
capture changes in possible confounders over time.

5. Conclusion

In conclusion, this large prospective cohort study high-
lights that high birthweight is associated with a higher
incidence of gastrointestinal cancer. This research sug-
gests a possible effect of in utero or early life expo-
sures on adulthood gastrointestinal cancer, especially
for those with a high genetic risk.
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