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Serrated polyps and conventional adenomas represent two distinct groups of colorectal
premalignancy. The influence of early-life adiposity on risk of these precursors remains unclear.
Within the Nurses’ Health Study, Nurses’ Health Study 2, and Health Professionals Follow-up
Study, we assessed body fatness during childhood using 9-level somatotype and obtained weight
and body mass index (BMI) in adulthood. We used multivariable-adjusted logistic regressions to
examine the association of serrated polyps and conventional adenomas with body fatness in early
childhood (age 5), late childhood (age 10), early adulthood (age 18/21), and middle adulthood
(baseline) and weight change during early-to-middle adulthood. During 18-20 years of follow-up,
we documented 8,697 serrated polyps and 10,219 conventional adenomas in 132,514 women;
2,403 serrated polyps and 4,495 conventional adenomas in 29,207 men. We found a modest
positive association of adiposity in early and late childhood with risk of serrated polyps and
conventional adenomas, with odds ratios ranging from 1.12 to 1.18 for comparison of extreme
somatotypes groups. The associations were attenuated after adjusting for adulthood BMI but
remained significant for conventional adenomas. No association was found in men. Adulthood
body fatness and weight change during early-to-middle adulthood showed positive relationships
with serrated polyps and conventional adenomas in both women and men, with stronger
associations observed for serrated polyps (Aheterogeneity <0-0001). Our findings indicated a
potential role in development of colorectal cancer precursors of childhood body fatness in women,
and early-to-middle adulthood weight gain and attained adiposity in both sexes.
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INTRODUCTION

Colorectal cancer (CRC) is the third most commonly diagnosed malignancy and the fourth
leading cause of cancer mortality in the world?. Evidence suggests a pivotal role of obesity
in CRC carcinogenesis and a link between early-life obesity and adulthood risk of CRC and
alterations in metabolic markers, such as insulin, that have been implicated in CRC2. The
long latency for CRC development makes it plausible that the anthropometric exposures
most relevant to risk might have occurred early in life. To date, there have been studies that
showed a positive association between early life body fatness and CRC3-2, whereas only few
investigations focused on precursor lesions of CRC that represent early carcinogenic
changes. Although endoscopic removal of precursor lesions has established benefit for CRC
prevention, the effectiveness of screening is limited for proximal colorectal neoplasms due to
incomplete colonoscopies, poor bowel preparation, and a larger portion of serrated polyps in
the right colon®. Therefore, identifying environmental risk factors for prevention of
precursor lesions remains a priority to reduce CRC incidence and mortality.

Serrated polyp (SP) and conventional adenoma are the two well-recognized CRC precursor
lesions, each taking on distinct pathways and contributing to 25-30% and 60-70% of CRC
cases, respectively’:8. SPs undergo the microsatellite instability pathway which is
characterized by BRAF mutation, CpG island methylator phyenotype, and epigenetic
inactivation of the mismatch repair gene MLH1°. Conventional adenoma develops into CRC
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through the chromosomal instability pathway that features K-Ras activation, inactivation of
tumor suppression genes APC and p53, and loss of heterozygosity for the long arm of
chromosome 18 (18q LOH)9. Similar to CRC, obesity has been associated with an
increased risk of SP and conventional adenomall:12, However, in contrast to the well-
documented positive associations between overweight/obesity in adulthood and polyp
risk13.14, the effect of body fatness during childhood, adolescence, and young adulthood
remains unclear. Because of the potential contribution of early life obesity to the
development of CRC later on in adulthood, a detailed examination of adiposity throughout
the lifespan is vital to better understand the influence of adiposity on CRC.

Therefore, we conducted a prospective study within three large US-based cohorts of women
and men to comprehensively investigate the association of obesity at different points in life

with risk of SPs and conventional adenomas. We also performed detailed analysis by polyp

features, including size, histology, and subsite, which predict the malignant potential of

polyps?®.

MATERIALS AND METHODS

Study population

We included participants from three nationwide prospective cohort studies, the Nurses’
Health Study (NHS), Nurses’ Health Study 2 (NHS2) and Health Professionals Follow-up
Study (HPFS). Briefly, the NHS enrolled 121,700 registered US female nurses aged 30 to 55
years in 1976. The NHS2 included 116,429 registered US female nurses aged 25 to 42 years
at enrollment in 1989. The HPFS enrolled 51,529 male health professionals between the
ages of 40 to 75 in 198616:17. Questionnaires were mailed to participants at enrollment and
every two years thereafter, inquiring health and lifestyle information. Diet was assessed via
validated food frequency questionnaires (FFQ) every four years. The average follow-up rates
for the three cohorts have been greater than 90%. The study protocol was approved by the
Institutional Review Boards of the Brigham and Women’s Hospital and the Harvard T.H.
Chan School of Public Health, and those of participating registries as required. Informed
consent was indicated by questionnaire return.

Anthropometric measurement

In 1988, participants in the NHS and HPFS were asked to choose one of the nine pictorial
body diagrams (somatotypes) developed by Stunkard et all® that best depicted their body
shape at ages 5, 10, 20, 30, and 40 (Figure 1). Participants in the NHS2 provided the same
information in 1989. Level 1 represents the leanest and level 9 represents the heaviest. The
validity of this measure was assessed previously in the Third Harvard Growth Study!®.

Participants in the NHS and NHS2 recalled their weight at age 18 years in 1988 and 1989,
respectively; participants in the HPFS recalled their weight at age 21 years in 1986. In the
three cohorts, current height and weight were inquired at enrollment and updated weight was
collected biennially. We calculated participants’ body mass index (BMI) at age 18/21 and at
study baseline by dividing their respective weight in kilograms by height squared in meters.
We also assessed weight change from early adulthood (age 18 years for women, age 21
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years for men) to baseline. Self-reported weight and measured weight were highly correlated
in a validation study within the NHS and HPFS20. Recalled weight at age 18 years also
showed high validity within the NHS2 cohort?1,

We assessed early and late childhood body fatness with somatotype at age 5 and age 10,
respectively. Due to the low number of individuals in higher somatotype categories, we
collapsed level 3 and level 4 into one category and all levels above 5 into one category. We
therefore categorized early and late childhood body fatness as: somatotype 1, 2, 3—4, and
>53, Early adulthood body fatness was assessed using BMI at age 18 years for women and
age 21 years for men. For adulthood body fatness, we examined BMI at study baseline and
weight change from early adulthood to baseline. BMI at age 18 years for women and age 21
for men and baseline BMI were categorized as <22.5, 22.5-24.9, 25.0-27.4, 27.5-29.9 and
>30.0 kg/mZ2. To balance sample size and clinical meaningfulness, we created six categories
for weight change based on the observed distribution in the study population: weight loss
=3.0 kg; loss or gain<3.0 kg; gain 3.0-5.9 kg; gain 6.0-9.9 kg; gain 10.0-19.9 kg; and gain
>20.0 kg.

Ascertainment of colorectal polyp cases and subtypes

In each follow-up questionnaire, we asked the participants if they have undergone a lower
endoscopy and if they have been diagnosed with colorectal polyp in the past two years. For
those who reported a polyp diagnosis, we asked for their permission to acquire their
endoscopic and pathologic records. Study investigators blinded to exposure information
reviewed all records and extracted detailed clinicopathologic data. Because detailed
histologic information of polyps was not collected until 1992 for the NHS/HPFS and 1991
for the NHS2, we used these years as the baseline for the respective cohorts in this study. We
considered hyperplastic polyps as SPs before 2002 and included both hyperplastic polyps
and mixed/serrated adenomas as SPs since 2002 to reflect the advances in terminology and
clinical practice. Mixed/serrated adenomas included polyps with both adenomatous and
hyperplastic changes in histology and polyps with any serrated diagnosis (e.g., serrated
adenoma, serrated polyp, and sessile serrated polyp/adenoma). Conventional adenomas
included tubular, tubulovillous, and villous adenomas and adenomas with high-grade
dysplasia. Advanced conventional adenomas were defined as having at least one
conventional adenoma of 10 mm or greater in diameter or with advanced histology
(tubulovillous/villous histologic features or high-grade or severe dysplasia)?2.

Assessment of lifestyle and dietary factors

On the baseline and biennial questionnaires, we inquired information on family history of
CRC, physical activity, aspirin use, and smoking status. We used the FFQs to asesss dietary
factors, including alcohol, folate, calcium, vitamin D, and processed red meat. The validity
of FFQs in assessing food and nutrient intake has been documented previously23:24. To
handle missing data of the covariates that occurred in the follow-up questionnaires, we
carried forward the most recent available information from prior questionnaires.
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Statistical analysis

For the present study, participants were included if they had at least one endoscopy from
baseline until the end of follow-up (June 1, 2012 for the NHS, June 1, 2011 for the NHS2,
and January 1, 2010 for the HPFS). To account for possible multiple records per participant
and to handle time-varying exposure and covariates efficiently, we used an Andersen-Gill
data structure with a new record for each two-year follow-up period during which a
participant underwent an endoscopy. At baseline, we excluded participants who had a
history of cancer (except non-melanoma skin cancer), colorectal polyp, or inflammatory
bowel disease. Participants were censored at the diagnosis of colorectal polyp, CRC, death,
or the end of the follow-up, whichever occurred first. We pooled the two female cohorts
(NHS and NHS2; Supplementary Table 1) to maximize statistical power.

We used multivariable-adjusted logistic regressions for clustered data (PROC GENMOD) to
account for repeated observations per individual and to calculate the odds ratios (ORs) and
95% confidence intervals (CIs). To test for linear trend, we used somatotype at ages 5 and 10
as ordinal score variables and BMI and weight change as continuous variables. Multivariable
models were adjusted for age at present (continuous), race (white, nonwhite), family history
of CRC (no, yes), smoking (never smokers, past smokers <30 pack-years, past smokers =30
pack-years, current smokers <30 pack-years, current smokers =30 pack-years), BMI at ages
18/21 years (weight change only; <22.5 kg/m2, 22.5-24.9 kg/m?, 25.0-27.4 kg/m?2, 27.5-
29.9 kg/m?, 230.0 kg/m?), height (somatotype in childhood and weight change only;
continuous, cm), physical activity (<7.5 MET-hr/wk, 7.5-14.9 MET-hr/wk, 15.0-29.9 MET-
hr/wk, 30.0-59.9 MET-hr/wk, and =60 MET-hr/wk), alcohol use (women: never, <3.5 g/d,
3.5-6.9 g/d, and =7.0 g/d; men: never, <7.0 g/d, 7.0-13.9 g/d, and =14.0 g/d), folate (in
quartiles, pg/d), calcium (in quartiles, mg/d), vitamin D (in quartiles, 1U/d), processed red
meat intake (in quartiles, servings/wk); regular aspirin use (no, yes), as well as endoscopy-
related factors, including time period of endoscopy (in two-year intervals), number of prior
endoscopies (continuous), time since the most recent endoscopy (continuous, year).
Analyses for women were further adjusted for menopausal hormone use (premenopausal/
missing menopause, no history of menopausal hormone use, current menopausal hormone
use, past menopausal hormone use). We allowed covariates to be time-varying to account for
changes in these covariates over time. To assess the independent association of early life
body fatness, we further adjusted for biennially updated adult BMI for somatotype at ages 5
and 10 and BMI at ages 18 and 21.

In secondary analysis, we examined the associations of body fatness with SPs by polyp size
(small, large) and with conventional adenomas by risk classification (nonadvanced,
advanced). We also examined whether the relationship between body fatness and polyps
differed according to anatomic subsite (proximal colon, distal colon, rectum). Aeterogeneity
between case groups was calculated by case-only analysis2.

We conducted all analyses using the SAS software (SAS Institute, Inc., Version 9.4, Cary,
NC). All statistical analyses were two-sided with a p-value less than 0.05 indicating
statistical significance.

Int J Cancer. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lo etal.

Page 6

DATA AVAILABILITY

RESULTS

The data that support the findings of this study are available on request at https://
www.nurseshealthstudy.org/researchers (nhsaccess@channing.harvard.edu) and https://
sites.sph.harvard.edu/hpfs/for-collaborators/. The data are not publicly available due to
privacy or ethical restrictions.

This study included 132,514 women from the NHS and NHS2 and 29,207 men from the
HPFS. Among 308,871 endoscopies in women, we observed 8,697 cases of SPs and 10,219
cases of conventional adenomas. In men, 2,403 SPs and 4,495 conventional adenomas were
diagnosed among 77,406 endoscopies. Table 1 showed the baseline characteristics of study
participants and Supplementary Figures 1 & 2 showed the prevalence of SPs and
conventional adenoams over the study period. The mean age at baseline was 45.1 years in
women and 55.9 years in men. This age difference was mainly driven by the younger
population in the NHS2. Lifestyle factors were strongly related to adulthood BMI and
weight change but minimally to early life somatotype. Comparing participants in extreme
BMI and weight change groups, those in the highest category were more likely to consume
processed red meat and less likey to be physically active and consume folate, calcium, and
vitamin D.

Tables 2 & 3 shows the associations of adiposity at different ages with risk of SPs and
conventional adenomas in women and men. We found a positive association of body fatness
at ages 5 and 10 with risks of SPs and conventional adenomas in women but not in men.
Compared to women with somatotype 1, the ORs of SPs and conventional adenomas for
those with somatotype =5 at age 5 were 1.12 (95% Cl, 1.02-1.22; Pyeng = 0.0007) and 1.18
(95% Cl, 1.09-1.28; Pyeng <0.0001), respectively, while the ORs for those with somatotype
=5 at age 10 were 1.18 (95% Cl, 1.10-1.28; Pyeng <0.0001) and 1.16 (95% CI, 1.08-1.24;
Prrend <0.0001), respectively. These results were attenuated upon adjustment for adulthood
BMI, leading to null associations for SPs and significantly stronger association with
somatotype at age 5 for conventional adenomas compared with SPs. Higher body fatness in
early adulthood as represented by increased BMI at age 18 was weakly associated with
higher risks of both types of CRC precursor lesions in women (Pyeng 0f SPs: 0.0002;
conventional adenomas: <0.0001). Further adjustment for adulthood BMI substantially
attenuated the associations. Overall, there was no association between early life body fatness
and polyp risk in men.

Higher BMI at baseline was associated with increased risks of SPs and conventional
adenomas in both women and men, with the ORs comparing BMI =30 kg/m?2 and BMI
<22.5 kg/m? ranging from 1.18 to 1.42. Similar associations were found for weight change
from early adulthood to baseline, with the ORs comparing weight gain =20 kg and weight
loss or gain within 3 kg ranging from 1.13 to 1.45. For BMI at baseline and weight change,
we found stronger associations for SPs than conventional adenomas in women (Aeterogeneity
<0.0001). In men, this pattern was observed for weight change only (Aeterogeneity = 0.02).
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We then examined the associations according to polyp size for SPs and risk classification for
conventional adenomas (Tables 4 & 5). Although stronger associations were observed for a
number of subgroups, no statistically significant heterogeneity was detected between small
and large SPs and between nonadvanced and advanced conventional adenomas (Aeterogeneity
>0.05).

Finally, we performed subgroup analysis according to polyp subsite (Supplementary Tables
2 & 3). No subsite heterogeneity was found for measures of childhood body fatness. For SPs
in women, adulthood body fatness and weight change showed the strongest positive
associations with rectal SPs, followed in order by distal and proximal SPs (Aeterogeneity
comparing proximal and rectal SPs = 0.004 and 0.007). Interestingly, an opposite pattern
was found for conventional adenomas; the associations with body fatness at baseline seemed
to increase from rectum, distal colon, to proximal colon (Aheterogeneity COMparing proximal
and rectal adenomas = 0.02 in women, 0.005 in men). Body fatness in early adulthood in
women and weight change in men showed a similar pattern (Aeterogeneity COMparing
proximal and rectal adenomas = 0.006 and 0.01).

DISCUSSION

In this large prospective cohort study, we found that women and men with increased body
fatness in adulthood and weight gain from early adulthood were more likely to develop SPs
and conventional adenomas, while women with increased body fatness in early and late
childhood experienced greater risk of conventional adenomas. These results indicate the
importance of attained adiposity in adulthood in both sexes and a potential role of early-life
body fatness in women. Our findings provide further rationale for maintaining a healthy
weight throughout the life course for CRC prevention.

Given that SPs underwent major discoveries and changes in terimology in the past two
decades, conventional adenomas were studied more extensively than SPs. A number of
observational studies reported a positive association between adiposity and conventional
adenomas?®26, These results were supported by two meta-analyses studying the risk of
conventional adenomas in relation to BMI and waist circumference, both of which found a
significant positive relationship2”+28. With regards to recent studies investigating body
fatness and the risk of SPs, positive associations were reported in some observational
studies29-31 while null results in others32-34, Previous analysis showed a stronger
association between adulthood BMI and SPs compared with conventional adenomas!2. In
the present study, we extended this finding by reporting a greater risk of SPs associated with
weight gain since early adulthood compared with conventional adenomas. Compared to
attained BMI, weight change may better capture the effect of excess body fat during
adulthood. Increased body fatness creates a chronic subclinical inflammatory environment3,
which, through a variety of mechanisms, downregulates DNA repair pathways. The resulting
mismatch repair induces microsatellite instability36, which is closely linked to the serrated
pathway3’. Evidence also suggests that obesity, in addition to altering the regional
inflammatory status, increases the abundance of specific microbes such as Fusobacterium
nucleatun’839, a bacterium strongly associated with the serrated pathway and CRC?.
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Taken together, these growing data indicate a role of obesity-induced inflammation and
dysbiosis in the serrated pathway for CRC.

To date, studies on conventional adenomas and SPs have largely focused on body fatness
during adulthood. Evidence is limited regarding how early-life body fatness influences the
development of CRC precursors*. To our knowledge, our study is the first prospective
analysis to comprehensively assess the association beween body fatness during childhood
and adolescence and the risk of CRC precursors. In the present study, women who were
obese in early and late childhood had a greater risk of SPs and conventional adenomas.
These positive associations were attenuated after adjustment for adult BMI, particularly for
SPs, suggesting that the increased risk was at least partly mediated by attained adiposity
later in life since childhood and adolescence obesity often tracks to adulthood. These
findings are in line with our prior report in the NHS240 that women with higher body fatness
at age 5 years had slightly higher risk of developing conventional adenomas. In addition, our
data further demonstrated, for the first time, that women who were obese in childhood were
at higher risk for conventional adenomas than SPs. This finding is in constrast to adulthood
body fatness which had stronger association with SPs. Collectively, our results indicate that
early life body fatness may have a greater impact on the development of conventional
adenomas while the risk of SPs is increased primarily due to attained body fatness later in
life.

The difference in strength of association with early life body fatness between the two
colorectal precursors can be linked to the distinct features of CRCs that arise from
heterogenenous pathways. Serrated CRCs generally have an older age of onset compared
with their conventional counterpart. Assuming lifestyle has a cumulative effect on the risk of
disease, the lag of age of onset between serrated CRC and conventional CRC may be
explained in part by the difference in contribution of lifestyle to early colorectal
carcinogenesis at different ages. Studies also suggest other lifestyle factors during adolescent
such as physical activity and diet to be pertinent to the development of conventional
adenomas*142. Nonetheless, future investigations should focus on the biologic mechanism
of the age-specific effect of lifestyle on the two colorectal precursors.

Interestingly, we did not find any association in men between early-life body fatness and risk
of polyps. These findings are consistent with those of CRC343, in which a positive
association between body fatness in early life and CRC risk was found in women but not in
men. A potential explanation for these differential findings by sex is the role of sex
hormones, which have been implicated in CRC#4:45, In men and postmenopausal women,
obesity increases the estrogen/testosterone ratio (E/T ratio) by elevating the production of
estrogen from androstenedione in the fat tissue*4. Higher E/T ratio has been associated with
greater CRC risk in men and a lower CRC risk in postmenopausal wome*®. However, it
remains largely unknown how early-life adiposity may influence adulthood sex hormones
and CRC development*®, Further studies are needed to better understand the sex-dependent
role of adiposity over the life course in CRC.

Our study has several strengths. First, we utilized three large prospective cohorts equipped
with long-term follow-up; comprehensive longitudinal assessment of adiposity, lifestyle, and

Int J Cancer. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lo etal.

Page 9

dietary risk factors; and confirmation of polyp diagnosis with detailed recording of
histopathologic information based on pathology reports. These features enabled us to
comprehensively examine measures of adiposity over the life course while properly
controlling for confounding factors. Several limitations of our study should be noted as well.
First, body shape assessed by recalled somatotype in early life and self-reported BMI in
adulthood is subject to measurement error. However, good validity of recalled early life body
fatness had been established by previous studies!?, therefore we do not expect such error to
have substantial influence on our findings. Moreover, given the prospective design, any error
in exposure assessment would have likely attenuated the observed association. Second,
because of the evolving nature and lack of consensus regarding the diagnostic criteria of
specific subtypes of SPs, we were unable to distinguish hyperplastic polyps from sessile
serrated adenomas/polyps and traditional serrated adenomas. However, large SPs have been
established as a good proxy for sessile serrated adenoma/polyp#” and predict the likelihood
of progression into advanced neoplasial®. Third, our results need to be interpreted cautiously
as multiple comparisons were performed and some of the findings may be due to chance.
However, we interpreted our results in a holistic way, prioritizing coherence and consistency
rather than only statistical significance. Finally, our study participants were mostly
Caucasians and therefore our results need to be confirmed in other racial/ethnic populations.

In conclusion, we found that weight gain during early adulthood and attained adiposity were
associated with increased risk of CRC presurcors in both women and men, while increased
body fatness in childhood showed a positive association in women. Given the strong
correlation between obesity early and later in life, our findings provide further support for
the importance of weight management across the lifespan for CRC prevention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

NHS Nurses Health Study

HPFES Health Professionals Follow-up Study

BMI body mass index

CRC colorectal cancer

SP serrated polyp

HP hyperplastic polyp

FFQ food frequency questionnaire

MET metabolic equivalent of task

OR odds ratio

Cl confidence interval

MV multivariable model
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Novelty and Impact

Adulthood obesity is associated with increased risk of serrated and conventional
colorectal precursors but the influence of early-life adiposity remains unclear. This work
represents the first effort to assess the association of adiposity from childhood to
adulthood with risk of serrated polyps and conventional adenomas. Our findings provide
evidence for a role of early life adiposity in colorectal tumorigenesis and highlight the
importance of weight management across the lifespan for colorectal cancer prevention.
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Figure 1.
Pictorial diagrams by Stunkard et al. used for estimating somatotype at ages 5 and 10 in

women and men.
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