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Abstract

Background: Growing evidence indicates the adverse effect of ultra-processed food (UPF) consumption. However, it remains
unknown whether UPF consumption influences the risk of colorectal cancer (CRC) precursors, namely conventional adenomas and
serrated lesions.

Methods: We drew data from the Nurses’ Health Study, Nurses’ Health Study II, and Health Professionals Follow-up Study, compris-
ing 142 052 participants who had undergone at least 1 lower gastrointestinal endoscopy during follow-up. To handle multiple records
per participants, we used multivariable logistic regression for clustered data to calculate odds ratios (OR) and 95% confidence inter-
vals (CIs) of colorectal polyps in relation to cumulative average consumption of UPFs. All statistical tests were 2-sided.

Results: We documented 11 644 patients with conventional adenomas and 10 478 with serrated lesions during 18-20 years of follow-
up. Compared with participants in the lowest quintile of UPF consumption, those in the highest quintile had an increased risk of con-
ventional adenomas (OR¼ 1.18, 95% CI¼ 1.11 to 1.26) and serrated lesions (OR¼ 1.20, 95% CI¼ 1.13 to 1.28). Similar results were found
for high-risk polyps (ie, advanced adenomas and �10 mm serrated lesions; OR¼ 1.17, 95% CI¼ 1.07 to 1.28). These associations were
slightly attenuated but remained statistically significant after further adjusting for body mass index, Western dietary pattern score,
or individual dietary factors (fiber, folate, calcium, and vitamin D). The results remained essentially unchanged after excluding proc-
essed meat from total UPF intake.

Conclusions: Higher consumption of UPFs is associated with an increased risk of CRC precursors. UPFs might be a modifiable target
for early prevention of CRC.

Colorectal cancer (CRC), the third-most common type of malig-
nancy worldwide, is known to originate from precursor polyps
(1). There are 2 main types of colorectal polyps with recognized
malignant potential: conventional adenomas and serrated
lesions that account for approximately 60%-80% and 20%-30% of
sporadic CRC cases, respectively (2). Mounting evidence shows
that diet modification can play an important role in primary pre-
vention of CRC. During the past decades, ultra-processed food
(UPF) consumption has substantially increased, which contrib-
utes to approximately 25%-60% of total daily energy intake

worldwide (3). UPFs refer to products undergoing series of indus-
trial techniques and processes and generally containing flavors,
colors, sweeteners, emulsifiers, and other additives (4). It has
been proposed that several characteristics of UPFs may cause
health problems, including cancer. For example, UPFs commonly
have a poor nutritional quality, high in total fat, saturated fat,
and added sugar and salt but low in fiber and vitamins (5). Some
types of sweeteners and emulsifiers may disrupt the host–micro-
biota interaction, leading to metabolic abnormalities and a proin-
flammatory environment for colonic carcinogenesis (6,7).
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Moreover, potential carcinogens (eg, acrylamide) may be pro-
duced during the heat processing of foods (8), and some additives
(eg, sodium nitrite in processed meats and titanium dioxide used
to whiten food products) have carcinogenicity as reported in
in vivo and vitro studies (9,10).

Nevertheless, epidemiological evidence linking intake of UPFs
to risk of cancer remains scarce and controversial. In a French
cohort study, a 10% increase in the proportion of UPFs in the diet
was associated with a 12% higher risk of overall cancer and an
11% higher risk of breast cancer but was not associated with the
risk of CRC (11). In contrast, a subsequent multicentric case-
control study in Spain reported that higher UPF consumption was
associated with an increased risk of CRC (12). Our recent cohort
study also found a positive association of total UPF consumption
with CRC risk in men and certain UPF subgroups (eg, ready-to-eat
or -heat mixed dishes) with CRC risk in women (13). Despite these
data, however, to our knowledge, no prospective studies have yet
examined the influence of UPFs on CRC precursors.

Therefore, to better understand the role of UPFs in CRC devel-
opment, we conducted this prospective study to examine the
association of UPF consumption with risk of conventional adeno-
mas and serrated lesions in 3 large US cohorts.

Methods
Study population
Participants were derived from 3 ongoing prospective cohorts: the
Nurses’ Health Study (NHS) recruiting 121 700 female nurses
aged 30-55 years at baseline in 1976, the Nurses’ Health Study II
(NHS II) recruiting 116 429 female nurses aged 25-42 years at
baseline in 1989, and the Health Professional Follow-up Study
(HPFS) recruiting 51 529 male health professionals aged 40-
75 years at baseline in 1986 (14). All participants completed a
questionnaire at baseline and were mailed follow-up question-
naires biennially to update their lifestyle and medical informa-
tion. Diet was assessed by a validated food frequency
questionnaire (FFQ) every 4 years. The average follow-up rate has
been greater than 90% in all 3 cohorts (15).

In this study, we used 1992 for the NHS/HPFS and 1991 for the
NHS II as baseline, because detailed histological information of
polyps was collected since then. At baseline, we excluded partici-
pants with a history of cancer (except nonmelanoma skin can-
cer), colorectal polyp, or inflammatory bowel disease and with
implausible adolescent caloric intake (ie, <800 or >4200 kcal/d
for men; <600 or >3500 kcal/d for women) or extensive missing
responses (>70 for food items). We also excluded those who had
no colonoscopy or sigmoidoscopy over the follow-up period
because colorectal polyps are generally asymptomatic and can
only be detected with an endoscopy. The final sample included
55 493 women from the NHS, 58 317 women from the NHS II, and
28 242 men from the HPFS (see flowchart in Supplementary
Figure 1, available online). The study protocol was approved by
the institutional review board at the Brigham and Women’s
Hospital, the Harvard T.H. Chan School of Public Health, and the
participating registries as required.

Assessment of UPF consumption and covariates
Based on FFQs with approximately 130 food items, we applied the
Nova classification to categorize foods into 4 groups: unprocessed
or minimally processed foods, processed culinary ingredients,
processed foods, and UPFs (Supplementary Methods, available
online) (16). For 9 food items that lacked sufficient details to sup-
port their classification (ie, “popcorn,” “soy milk,” “pancakes or

waffles,” “pie, home-baked or ready-made,” “beef, pork, lamb
sandwich,” “tomato sauce”), we adopted a conservative approach
by assigning these items to a non-UPF group as their primary cat-
egorization and to the UPF group for a sensitivity analysis.
Because alcohol consumption is an established risk factor for
CRC, we removed this item from the UPF group. We estimated
UPF consumption as servings per day, which was energy adjusted
using the residual methods (16). Covariates were selected a priori
as potential confounders (Supplementary Methods, available
online).

Ascertainment of colorectal polyps
Ascertainment of colorectal polyps in the 3 cohorts was previ-
ously described (Supplementary Methods, available online) (17).
Conventional adenomas included tubular, tubulovillous, and vil-
lous adenomas as well as adenomas with high-grade dysplasia,
and serrated lesions comprised hyperplastic polyps, traditional
serrated adenomas, sessile serrated adenomas or polyps, and
mixed serrated polyps. High-risk polyps included advanced con-
ventional adenomas (at least 1 adenoma of �10-mm diameter or
any size with tubulovillous, villous, or high-grade dysplasia) and
large serrated lesions (�10 mm) (18).

Statistical analysis
Because most polyps are asymptomatic and cannot be diagnosed
without an endoscopic examination, “incident polyp” is not well
defined and a time-to-event analysis (eg, Cox proportional haz-
ards model) is not suitable for studies of polyps. Instead, we used
the Andersen-Gill repeated data structure with a new record for
each 2-year follow-up period during which a participant under-
went an endoscopy (17,19). Participants were censored at the
time of the first diagnosis of colorectal polyps, death, or the end
of follow-up (June 1, 2012, for the NHS and June 1, 2011, for the
NHS II), whichever occurred first. To better represent long-term
habitual intake and minimize random measurement errors, we
calculated the cumulative average of energy-adjusted servings of
UPFs per day from preceding questionnaires up to the current
cycle (20).

Multivariable logistic regression for clustered data was used to
account for repeated observations (ie, multiple endoscopies) and
compute odds ratios (ORs) of conventional adenomas and ser-
rated lesions according to quintiles of UPF consumption. Model 1
was adjusted for potential confounders, including age, race,
study cohort, time period of endoscopy, number of prior endos-
copies, and time in years since the most recent endoscopy. Model
2 was additionally adjusted for family history of CRC, total alco-
hol intake, physical activity, smoking status and pack-years, reg-
ular aspirin use, menopausal status (women only), and
postmenopausal hormone use (women only). Because UPFs
include processed meats, an established risk factor for colorectal
carcinogenesis, we also assessed the association after removing
processed meats from UPFs in Model 2. In addition, to delineate
whether the association was independent of adiposity and estab-
lished dietary factors, we conducted a secondary analysis by fur-
ther adjusting for body mass index (BMI), Western dietary
pattern score, and individual dietary factors (fiber, folate, cal-
cium, and vitamin D) that have been linked to CRC (17). We
examined the dose-response relationship between UPF intake
and colorectal polyps using the restricted cubic spline analysis
with the default 4 knots at the 5th, 35th, 65th, and 95th percen-
tiles of UPF intake (21).

We further performed separate analyses according to ana-
tomic subsites and malignant potential of polyps. We also
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conducted stratified analyses according to age (<60, �60 years),
sex (female, male), smoking (never, 0-20 pack-years, �20 pack-
years), BMI (<25, �25 kg/m2), physical activity (<15, �15 meta-
bolic equivalent-h/wk), Western dietary pattern score (less than
median, median or greater), family history of CRC (yes, no), and
reason for endoscopy (screening, symptom). Screening was
defined by the indication for routine or asymptomatic screening
and family history of CRC, and symptoms encompassed bleeding
in stool, positive test for occult fecal blood, diarrhea or constipa-
tion, and abdominal pain. Potential effect modification was
assessed by the likelihood ratio test comparing models with and
without the interaction term between UPF consumption and the
stratified variable. In addition, we categorized UPFs into 9 mutu-
ally exclusive subgroups (Supplementary Table 1, available
online) (22) and assessed their independent association with col-
orectal polyps by mutually adjusting for the individual sub-
groups. All statistical tests were conducted using SAS 9.4 (SAS
Institute Inc, Cary, NC), with a 2-sided P value less than .05 indi-
cating statistical significance.

Results
The median intake of total UPF in the study participants was 6.2
servings per day (interquartile range ¼ 4.9-7.6), similar to that in
the overall cohorts (median¼ 6.2, interquartile range ¼ 5.0-7.7
servings per day). During the18-20 years of follow-up among
142 052 participants in the 3 cohorts, we documented 11 644
patients with conventional adenomas and 10 478 patients with
serrated lesions. As shown in Table 1, compared with partici-
pants who did not develop polyp, those with conventional adeno-
mas had higher proportions of males (30% vs 22%), positive
family history of CRC (25% vs 21%), and current smokers (8% vs
6%); they also had higher mean BMI (26.1 vs 25.8 kg/m2), alcohol
consumption (7.4 vs 6.3 g/d), Western dietary pattern score (0.02
vs �0.07), and UPF intake (6.61 vs 6.41 servings per day). Similar
results were found for participants with serrated lesions com-
pared with those without any polyps. We also presented the basic
characteristics of participants by quintiles of UPF intake
(Supplementary Table 2, available online).

The dose-response analysis showed a nonlinear relationship
for both conventional adenomas and serrated polyps (Pnonlinearity

less than .0001), with the risk elevation peaked at roughly 8 serv-
ings per day and no further increase observed at higher intake
(Figure 1). Compared with those who consumed UPFs in the low-
est quintile (Q1), those in the highest quintile (Q5) had an 18%
increased risk of developing conventional adenomas (Model 2:
OR¼ 1.18, 95% CI¼ 1.11 to 1.26) and a 20% increased risk of devel-
oping serrated lesions (OR¼ 1.20, 95% CI¼ 1.13 to 1.28) (Table 2).
These associations were slightly attenuated but remained statis-
tically significant after further adjusting for BMI (OR¼ 1.16 for
conventional adenomas and 1.15 serrated lesions), Western diet-
ary pattern score (OR¼ 1.12 for conventional adenomas and 1.14
for serrated lesions), or individual dietary factors (fiber, folate,
calcium, and vitamin D) (OR¼ 1.16 for conventional adenomas
and 1.18 for serrated lesions). The results remained essentially
unchanged after excluding processed meats from total UPF
intake. Also, the associations were similar after categorizing the
undetermined food items as UPFs (Supplementary Table 3, avail-
able online).

In the subsite analysis, we found that the odds ratio compar-
ing Q5 with Q1 of UPF intake was statistically higher for distal
colon polyps (Model 2: 1.26, 95% CI¼ 1.18 to 1.35) than proximal
colon polyps (1.13, 95% CI¼ 1.05 to 1.21) (Pheterogeneity ¼ .01)

(Table 3). When analyzed by malignant potential, a higher intake
of UPFs was associated with both high-risk (OR for Q5 vs
Q1¼ 1.17, 95% CI¼ 1.07 to 1.28) and low-risk polyps (OR for Q5 vs
Q1¼ 1.19, 95% CI¼ 1.13 to 1.26; Pheterogeneity ¼ .47).

In the stratified analysis, the association between UPF con-
sumption and high-risk polyps appeared stronger in those with a
BMI 25 kg/m2 or greater vs less than 25 kg/m2 (Pinteraction ¼ .01)
(Figure 2). Also, the associations for conventional adenomas and
high-risk polyps were stronger in those who had the endoscopy
for screening only vs symptoms (Pinteraction ¼ .04 and .002, respec-
tively). No other interactions were statistically significant.

Among different UPF subgroups (Table 4), a positive associa-
tion with high-risk polyps was observed for meat-, poultry-, and
seafood-based ready-to-eat products (OR for Q5 vs Q1¼ 1.20, 95%
CI¼ 1.09 to 1.32); fat, condiment, and sauces (1.18, 95% CI¼ 1.08
to 1.30); packaged sweet snacks and desserts (1.13, 95% CI¼ 1.03
to 1.24); and ultra-processed breads and breakfast food (1.13, 95%
CI¼ 1.03 to 1.24).

Discussion
To the best of our knowledge, this study represents the first effort
to prospectively investigate UPF consumption in relation to risk
of colorectal premalignant lesions. We found that higher UPF
consumption was nonlinearly associated with an increased risk
of conventional adenomas and serrated lesions. The results were
robust to multivariable adjustment and similar for polyps of dif-
ferent anatomic subsites and malignant potential. Moreover,
we identified certain subgroups of UPFs associated with high-
risk polyps. These findings lend strong epidemiologic support to
the detrimental role of UPFs in the early stages of colorectal
carcinogenesis.

In support of our observations, a case-control study conducted
in an Israel medical center reported that patients diagnosed with
colorectal adenomas had a higher intake of UPFs than controls
(23). In addition, a multicentric case-control Spanish study (12)
and our recent study within the 3 US cohorts (NHS, NHS II, and
HPFS) (13) have linked higher UPF consumption to an increased
risk of CRC. The evidence together indicates that UPFs may play a
role in the initiation of CRC. Furthermore, we found a stronger
association for UPF intake with risk of distal colon polyps than
polyps at other subsites. This is consistent with our previous
results showing that the positive association between UPF intake
and CRC risk was restricted to distal colon cancer (13). The differ-
ential associations by subsite might be explained by the anatomic
differences in susceptibility to neoplastic transformation (24), in
microbial communities and immune niches (25), and in expo-
sures to metabolites that may influence CRC development, such
as short-chain fatty acids and bile acids (26). Additionally, we
observed a similar association across sex for polyps in contrast
with our previous study reporting the association between UPF
intake and CRC risk only in men (13). The exact reasons for the
inconsistency are unclear. It is possible that UPFs increase the
risk of tumor initiation in both men and women, and, once the
tumorigenic process is started, other factors such as sex hor-
mones can affect individuals’ susceptibility to tumor progression
and thereby influence the outcome of CRC development. This
hypothesis needs to be confirmed in future studies.

There is an ongoing debate whether the detrimental effect of
UPFs observed in epidemiological studies are primarily driven by
poor nutritional quality (27). In this study, the observed associa-
tion between UPF consumption and colorectal polyps was only
slightly attenuated after adjustment for Western dietary pattern
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or major CRC-related nutrients, including dietary fiber, folate,
calcium, and vitamin D. These results indicate that poor diet
quality cannot fully explain the association of UPF with higher
risk of colorectal neoplasia. Furthermore, UPF consumption has
been linked to an increased risk of weight gain and obesity

(28,29), which is an established risk factor for colorectal polyps
(17). Adjustment for BMI showed a minimal impact on the associ-
ation between UPFs and polyps, suggesting that the adverse
effect of UPFs on colorectal carcinogenesis is largely independent
of adiposity.

Table 1. Basic characteristics of participants in the 3 cohort studies (NHS, NHS II, HPFS)a

Characteristics Overall population Nonpolyps Conventional adenomas Serrated lesions

Number of participants 142 052 120 402 11 644 10 478
Age, mean (SD), y 60.3 (10.6) 60.4 (10.7) 61.1 (10.0) 58.8 (9.9)
Male, % 22 22 30 24
White, % 96 96 96 97
Family history of colorectal cancer, % 21 21 25 25
BMI, mean (SD), kg/m2 25.9 (4.7) 25.8 (4.7) 26.1 (4.7) 26.4 (4.8)
Current smoker, % 6 6 8 11
Pack-years of smoking, mean (SD) 9.1 (15.6) 9.0 (15.4) 11.0 (17.2) 13.5 (18.9)
Alcohol, mean (SD), g/d 6.3 (9.3) 6.3 (9.3) 7.4 (10.7) 7.6 (10.9)
Physical activity, mean (SD), MET-h/wk 22.0 (20.5) 22.0 (20.5) 21.7 (19.8) 20.8 (18.5)
Postmenopausal, %b 81 81 77 79
Postmenopausal hormone use, %b 57 57 54 56
Regular aspirin use (2 or more tablets/wk), % 42 42 42 41
Dietary intake, mean (SD)

Western dietary pattern scorec �0.06 (0.94) �0.07 (0.94) 0.02 (0.94) 0.03 (0.94)
Total fiber, g/d 20.1 (5.4) 20.2 (5.4) 20.0 (5.3) 19.6 (5.0)
Total folate intake, mg/d 550 (216) 551 (216) 534 (206) 534 (203)
Total calcium, mg/d 1146 (428) 1149 (429) 1094 (405) 1114 (407)
Total vitamin D, IU/d 436 (227) 437 (227) 412 (213) 412 (209)
Ultra-processed foodd 6.43 (2.2) 6.41 (2.19) 6.61 (2.22) 6.60 (2.19)

Ultra-processed breads and breakfast foodd 1.57 (0.80) 1.56 (0.79) 1.62 (0.81) 1.60 (0.78)
Fat, condiment, and saucesd 1.45 (0.99) 1.45 (0.99) 1.50 (1.01) 1.55 (1.03)
Packaged sweet snacks and dessertsd 0.99 (0.67) 0.99 (0.67) 1.03 (0.69) 1.00 (0.65)
Beveragesd 0.95 (1.02) 0.95 (1.02) 0.97 (1.04) 0.96 (1.00)
Ready-to-eat/-heat mixed dishesd 0.21 (0.15) 0.21 (0.15) 0.22 (0.15) 0.22 (0.14)
Meat-, poultry-, seafood-based ready-to-eat productsd 0.23 (0.20) 0.23 (0.20) 0.24 (0.21) 0.24 (0.21)
Packaged savory snacksd 0.25 (0.36) 0.25 (0.36) 0.26 (0.36) 0.26 (0.36)

Yogurt and dairy-based dessertsd 0.26 (0.23) 0.26 (0.23) 0.26 (0.23) 0.25 (0.22)

a All variables were adjusted for age except for age itself. Because there are synchronous conventional adenomas and serrated lesions, the sum of the number
of nonpolyps and polyps is not equal to the overall number. BMI ¼ body mass index; HPFS ¼ Health Professionals Follow-up Study; MET ¼metabolic equivalent
tasks; NHS ¼ Nurses’ Health Study; NHS II ¼ the Nurses’ Health Study II.

b Calculated among women.
c Western dietary patten score was derived from principal component analysis.
d Energy adjusted servings per day.
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Figure 1. Dose-response relationship between ultra-processed food (UPF) consumption and conventional adenomas (A) and serrated lesions (B). The
dot–dash curves represent the 95% confidence intervals of the odds ratio. The vertical solid lines represent 5th and 95th percentile levels of UPF intake,
and the vertical dash lines represent the median UPF intakes in each of the quintiles. Multivariable model was adjusted for the same set of covariates
as in Model 2. For conventional adenomas in A, P for nonlinear relation less than .0001 and P for overall statistical significance of the curve less than
.0001. For serrated lesions in B, P for nonlinear relation less than .0001 and P for overall statistical significance of the curve less than .0001. UPF intake
over 99% was not plotted due to wide confidence intervals at the extremes.
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Table 2. Association between UPF consumption and risk of conventional adenomas and serrated lesions in the 3 cohort studies (NHS,
NHS II, HPFS)

Energy-adjusted servings per day of UPF intake, OR (95% CI)a Pnonlinearity
b Poverall significance

b

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Median intake 4.0 5.2 6.2 7.3 9.3
Conventional adenomas

Cases 2064 2347 2364 2514 2355
Model 1 1 (referent) 1.05 (0.99 to 1.12) 1.07 (1.01 to 1.14) 1.17 (1.10 to 1.24) 1.17 (1.10 to 1.25) <.001 <.001
Model 2 1 (referent) 1.06 (1.00 to 1.13) 1.08 (1.01 to 1.15) 1.18 (1.11 to 1.25) 1.18 (1.11 to 1.26) <.001 <.001
Model 2 (UPF excluding

processed meat)c
1 (referent) 1.09 (1.03 to 1.16) 1.07 (1.01 to 1.14) 1.20 (1.13 to 1.28) 1.18 (1.11 to 1.26) <.001 <.001

Model 2 þ BMI 1 (referent) 1.06 (0.99 to 1.12) 1.07 (1.00 to 1.13) 1.16 (1.09 to 1.23) 1.16 (1.09 to 1.23) <.001 <.001
Model 2 þWestern

dietary pattern score
1 (referent) 1.04 (0.98 to 1.10) 1.04 (0.98 to 1.11) 1.12 (1.06 to 1.20) 1.12 (1.05 to 1.20) .002 <.001

Model 2 þ dietary fiber,
folate, calcium, and
vitamin D

1 (referent) 1.05 (0.99 to 1.11) 1.06 (1.00 to 1.13) 1.15 (1.08 to 1.23) 1.16 (1.09 to 1.24) <.001 <.001

Serrated lesions
Cases 1827 2113 2111 2279 2148
Model 1 1 (referent) 1.06 (1.00 to 1.13) 1.07 (1.00 to 1.14) 1.18 (1.11 to 1.26) 1.20 (1.13 to 1.28) <.001 <.001
Model 2 1 (referent) 1.08 (1.02 to 1.16) 1.10 (1.03 to 1.17) 1.21 (1.13 to 1.29) 1.20 (1.13 to 1.28) <.001 <.001
Model 2 (UPF excluding

processed meat)
1 (referent) 1.13 (1.06 to 1.20) 1.09 (1.02 to 1.17) 1.23 (1.15 to 1.31) 1.22 (1.14 to 1.30) <.001 <.001

Model 2 þ BMI 1 (referent) 1.07 (1.01 to 1.14) 1.07 (1.01 to 1.14) 1.17 (1.10 to 1.25) 1.15 (1.08 to 1.23) <.001 <.001
Model 2 þWestern

dietary pattern score
1 (referent) 1.06 (0.99 to 1.13) 1.06 (0.99 to 1.13) 1.15 (1.08 to 1.23) 1.14 (1.07 to 1.22) <.001 <.001

Model 2 þ dietary fiber,
folate, calcium, and
vitamin D

1 (referent) 1.07 (1.00 to 1.14) 1.07 (1.01 to 1.15) 1.18 (1.11 to 1.26) 1.18 (1.11 to 1.26) <.001 <.001

a Model 1 was adjusted for age (years), race (Caucasian or non-Caucasian), cohort (NHS, NHS II, or HPFS), time period of endoscopy (in 2-year intervals), number
of prior endoscopies (continuous), and time in years since the most recent endoscopy (continuous). CI ¼ confidence interval; BMI ¼ body mass index; HPFS ¼ Health
Professionals Follow-up Study; NHS ¼ Nurses’ Health Study; NHS II ¼ Nurses’ Health Study II; OR ¼ odds ratio; UPF ¼ ultra-processed food.
Model 2 was further adjusted for family history of colorectal cancer (yes or no), total alcohol intake (in g/d, <5, 5-10, 10-15, 15-30, or �30), physical activity (in
metabolic equivalent-h/wk; <3, 3-9, 9-18, 18-27, or �27), smoking status and pack-years of smoking (never, past smoker with pack-years <5, past smoker with
pack-years �5, current smoker with pack-years <20, current smoker with pack-years �20), regular aspirin use (yes or no), and additionally for menopausal status
(yes or no) and postmenopausal hormone use (never or ever) in women.
The other models were further adjusted for BMI (continuous), Western dietary pattern score (continuous), or individual dietary factors (quintiles), respectively.

b Derived from the restricted cubic spline analysis.
c UPF items excluding bacon, beef, pork hotdogs; chicken or turkey hotdogs; salami, bologna, processed meat sandwiches; processed meats, sausages.

Figure 2. Stratified analysis for the association between ultra-processed food (UPF) consumption and colorectal polyp risk. Odds ratios (OR) for the
highest vs lowest quintiles of UPF consumption were calculated in the multivariable logistic regression model (Model 2). Pinteraction was calculated by
comparing the models with and without the product term between UPF consumption (dichotomous) and the stratified variable (categorical). BMI ¼
body mass index; CI ¼ confidence interval; CRC ¼ colorectal cancer; MET ¼metabolic equivalent tasks; OR ¼ odds ratio; UPF ¼ ultra-processed food.
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Table 3. Association between UPF consumption and risk of colorectal polyps according to polyp features in the 3 cohort studies (NHS, NHS II, HPFS)a

Energy-adjusted servings per day of UPF intake, OR (95% CI)a Pnonlinearity
b Poverall signifi-

cance
b

Pheterogeneity
c

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Median intake 4.0 5.2 6.2 7.3 9.3
Anatomic subsite

Proximal colon
Cases 1613 1720 1791 1867 1753
Model 1 1 (referent) 0.98 (0.92 to 1.05) 1.03 (0.96 to 1.11) 1.10 (1.03 to 1.18) 1.12 (1.04 to 1.20) .001 <.001
Model 2 1 (referent) 0.99 (0.92 to 1.06) 1.04 (0.97 to 1.11) 1.11 (1.04 to 1.19) 1.13 (1.05 to 1.21) .001 <.001

Distal colon
Cases 1664 1971 1964 2134 2045
Model 1 1 (referent) 1.10 (1.03 to 1.17) 1.10 (1.03 to 1.18) 1.23 (1.15 to 1.31) 1.26 (1.18 to 1.35) <.001 <.001 .01
Model 2 1 (referent) 1.11 (1.04 to 1.19) 1.12 (1.05 to 1.20) 1.24 (1.16 to 1.33) 1.26 (1.18 to 1.35) <.001 <.001 .01

Rectum
Cases 971 1155 1081 1201 1094
Model 1 1 (referent) 1.09 (1.00 to 1.19) 1.03 (0.94 to 1.12) 1.17 (1.07 to 1.28) 1.15 (1.05 to 1.25) .03 .001 .79
Model 2 1 (referent) 1.12 (1.03 to 1.22) 1.05 (0.97 to 1.15) 1.20 (1.10 to 1.31) 1.15 (1.05 to 1.25) .003 .001 .85

Feature
High-risk polypsd

Cases 907 1002 1018 1115 1030
Model 1 1 (referent) 1.03 (0.94 to 1.12) 1.05 (0.96 to 1.15) 1.18 (1.08 to 1.29) 1.16 (1.06 to 1.27) .01 <.001
Model 2 1 (referent) 1.04 (0.95 to 1.14) 1.07 (0.97 to 1.17) 1.20 (1.09 to 1.31) 1.17 (1.07 to 1.28) .001 <.001

Low-risk polyps
Cases 2637 3030 3032 3220 3058
Model 1 1 (referent) 1.06 (1.00 to 1.12) 1.07 (1.01 to 1.13) 1.16 (1.10 to 1.23) 1.19 (1.13 to 1.26) <.001 <.001 .36
Model 2 1 (referent) 1.07 (1.01 to 1.13) 1.08 (1.02 to 1.14) 1.18 (1.11 to 1.24) 1.19 (1.13 to 1.26) <.001 <.001 .47

a Model 1 was adjusted for age (years), race (Caucasian or non-Caucasian), cohort (NHS, NHS II, or HPFS), time period of endoscopy (in 2-year intervals), number of prior endoscopies (continuous), and time in years since
the most recent endoscopy (continuous). CI ¼ confidence interval; HPFS ¼ Health Professionals Follow-up Study; NHS ¼ Nurses’ Health Study; NHS II ¼ Nurses’ Health Study II; OR ¼ odds ratio; UPF ¼ ultra-processed food.
Model 2 was further adjusted for family history of colorectal cancer (yes or no), total alcohol intake (in g/d, <5, 5-10, 10-15, 15-30, or �30), physical activity (in metabolic equivalent-h/wk; <3, 3-9, 9-18, 18-27, or �27), smoking
status and pack-years of smoking (never, past smoker with pack-years <5, past smoker with pack-years �5, current smoker with pack-years <20, current smoker with pack-years �20), regular aspirin use (yes or no), and
additionally for menopausal status (yes or no) and postmenopausal hormone use (never or ever) in women.

b Derived from the restricted cubic spline analysis.
c Pheterogeneity between odds ratio for Q5 vs Q1 was calculated through case-only analysis (distal colon or rectum vs proximal colon; high-risk vs low-risk).
d High-risk polyps included advanced conventional adenomas (defined as at least 1 adenoma �10-mm diameter or any size with tubulovillous, villous, or high-grade dysplasia) and large serrated lesions (�10 mm).
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Table 4. Multivariable-adjusted associations of UPF subgroups with polyp risk in the 3 cohort studies (NHS, NHS II, HPFS)

Energy-adjusted servings of UPF subgroup intake, OR (95% CI)a Pnonlinearity
b Poverall significance

b

Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Ultra-processed breads and breakfast food
Median intake 0.69 1.09 1.43 1.82 2.61
Conventional adenomas 1 (referent) 1.07 (1.00 to 1.13) 1.12 (1.05 to 1.19) 1.15 (1.08 to 1.22) 1.16 (1.09 to 1.23) <.001 <.001
Serrated lesions 1 (referent) 1.13 (1.06 to 1.21) 1.23 (1.16 to 1.31) 1.20 (1.12 to 1.28) 1.22 (1.14 to 1.31) .001 <.001
High-risk polypsc 1 (referent) 1.07 (0.97 to 1.17) 1.14 (1.04 to 1.25) 1.10 (1.01 to 1.21) 1.13 (1.03 to 1.24) .001 <.001

Fat, condiment, and sauces
Median intake 0.48 0.87 1.22 1.69 2.68
Conventional adenomas 1 (referent) 1.07 (1.01 to 1.14) 1.06 (0.99 to 1.12) 1.13 (1.06 to 1.20) 1.15 (1.08 to 1.22) <.001 <.001
Serrated lesions 1 (referent) 1.08 (1.01 to 1.16) 1.11 (1.04 to 1.19) 1.21 (1.13 to 1.29) 1.24 (1.16 to 1.32) .004 <.001
High-risk polyps 1 (referent) 1.00 (0.91 to 1.10) 1.11 (1.01 to 1.22) 1.10 (1.01 to 1.21) 1.18 (1.08 to 1.30) <.001 <.001

Packaged sweet snacks and desserts
Median intake 0.32 0.59 0.83 1.14 1.82
Conventional adenomas 1 (referent) 1.01 (0.95 to 1.07) 1.02 (0.96 to 1.09) 1.07 (1.01 to 1.13) 1.11 (1.04 to 1.18) <.001 <.001
Serrated lesions 1 (referent) 1.10 (1.03 to 1.17) 1.09 (1.02 to 1.16) 1.10 (1.03 to 1.17) 1.12 (1.05 to 1.19) <.001 <.001
High-risk polyps 1 (referent) 1.02 (0.93 to 1.11) 1.03 (0.94 to 1.13) 1.06 (0.97 to 1.16) 1.13 (1.03 to 1.24) .002 <.001

Beverages
Median intake 0.08 0.32 0.62 1.06 2.19
Conventional adenomas 1 (referent) 0.99 (0.93 to 1.05) 1.01 (0.95 to 1.07) 1.00 (0.94 to 1.07) 1.00 (0.94 to 1.07) — .51
Serrated lesions 1 (referent) 1.06 (1.00 to 1.13) 1.02 (0.96 to 1.09) 1.05 (0.98 to 1.11) 1.04 (0.97 to 1.11) .01 .002
High-risk polyps 1 (referent) 1.00 (0.91 to 1.09) 1.00 (0.91 to 1.09) 1.04 (0.95 to 1.14) 1.03 (0.94 to 1.13) — .11

Ready-to-eat/-heat mixed dishes
Median intake 0.07 0.14 0.19 0.24 0.37
Conventional adenomas 1 (referent) 1.07 (1.00 to 1.13) 1.05 (0.98 to 1.11) 1.06 (1.00 to 1.13) 1.03 (0.97 to 1.10) <.001 <.001
Serrated lesions 1 (referent) 1.09 (1.02 to 1.16) 1.08 (1.02 to 1.16) 1.06 (0.99 to 1.13) 1.04 (0.98 to 1.12) .01 <.001
High-risk polyps 1 (referent) 1.05 (0.96 to 1.15) 1.01 (0.92 to 1.11) 1.05 (0.96 to 1.15) 1.03 (0.94 to 1.14) .02 .10

Meat-, poultry-, seafood-based ready-to-eat products
Median intake 0.04 0.11 0.19 0.28 0.49
Conventional adenomas 1 (referent) 1.07 (1.01 to 1.13) 1.06 (1.00 to 1.13) 1.05 (0.99 to 1.12) 1.08 (1.01 to 1.15) .02 .001
Serrated lesions 1 (referent) 1.12 (1.05 to 1.19) 1.14 (1.07 to 1.22) 1.11 (1.04 to 1.18) 1.13 (1.06 to 1.21) <.001 <.001
High-risk polyps 1 (referent) 1.11 (1.02 to 1.22) 1.11 (1.02 to 1.22) 1.17 (1.07 to 1.28) 1.20 (1.09 to 1.32) <.001 <.001

Packaged savory snacks
Median intake 0.03 0.08 0.15 0.26 0.52
Conventional adenomas 1 (referent) 1.04 (0.97 to 1.10) 1.09 (1.02 to 1.16) 1.11 (1.04 to 1.18) 1.09 (1.03 to 1.16) <.001 <.001
Serrated lesions 1 (referent) 1.12 (1.04 to 1.19) 1.10 (1.03 to 1.17) 1.15 (1.08 to 1.23) 1.11 (1.04 to 1.19) <.001 <.001
High-risk polyps 1 (referent) 0.99 (0.91 to 1.09) 1.04 (0.95 to 1.14) 1.06 (0.97 to 1.16) 1.00 (0.91 to 1.10) — .76

Yogurt and dairy-based desserts
Median intake 0.05 0.11 0.19 0.31 0.54
Conventional adenomas 1 (referent) 1.07 (1.01 to 1.14) 1.06 (1.00 to 1.13) 1.11 (1.04 to 1.18) 1.07 (1.01 to 1.14) .02 .002
Serrated lesions 1 (referent) 1.08 (1.02 to 1.15) 1.08 (1.01 to 1.15) 1.09 (1.03 to 1.17) 0.99 (0.92 to 1.05) .01 .001
High-risk polyps 1 (referent) 1.08 (0.99 to 1.19) 1.03 (0.94 to 1.13) 1.12 (1.02 to 1.22) 1.04 (0.95 to 1.14) .003 .01

Other UPFs
Median intake 0.01 0.01 0.01 0.13 0.76
Conventional adenomas 1 (referent) 0.87 (0.82 to 0.93) 0.90 (0.85 to 0.95) 1.01 (0.96 to 1.07) 0.95 (0.90 to 1.01) — .77
Serrated lesions 1 (referent) 0.88 (0.82 to 0.94) 0.85 (0.79 to 0.90) 0.99 (0.93 to 1.05) 0.97 (0.91 to 1.03) — .39
High-risk polyps 1 (referent) 0.82 (0.74 to 0.90) 0.86 (0.79 to 0.94) 1.00 (0.91 to 1.08) 0.87 (0.80 to 0.95) — .05

a Adjusted for age (years), race (Caucasian or non-Caucasian), cohort (NHS, NHS II, or HPFS), time period of endoscopy (in 2-year intervals), number of prior endoscopies (continuous), and time in years since the most
recent endoscopy (continuous), family history of colorectal cancer (yes or no), total alcohol intake (in g/day, <5, 5-10, 10-15, 15-30, or �30), physical activity (in metabolic equivalent-hours/week; <3, 3-9, 9-18, 18-27, or �27),
smoking status and pack-years of smoking (never, past smoker with pack-years <5, past smoker with pack-years �5, current smoker with pack-years <20, current smoker with pack-years �20), regular aspirin use (yes or no),
and additionally for menopausal status (yes or no) and postmenopausal hormone use (never or ever) in women. The analysis was also mutually adjusted for the individual subgroups. CI ¼ confidence interval; HPFS ¼ Health
Professionals Follow-up Study; NHS ¼ Nurses’ Health Study; NHS II ¼ Nurses’ Health Study II; OR ¼ odds ratio; UPF ¼ ultra-processed food.

b Derived from the restricted cubic spline analysis. The em-dash denotes not available because no spline variables were selected.
c High-risk polyps included advanced conventional adenomas (defined as at least 1 adenoma �10-mm diameter or any size with tubulovillous, villous, or high-grade dysplasia) and large serrated lesions (�10 mm).
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Beyond nutritional composition, UPFs commonly contain food
additives such as emulsifiers, preservatives, colors, and flavors
that may account for the potential carcinogenicity of UPFs. For
example, animal studies have demonstrated that 2 commonly
used emulsifiers—carboxymethylcellulose and polysorbate-
80—can increase the proinflammation potential of the micro-
biome (7,30) and alter intestinal expression of genes involved in
proliferation and apoptosis, thereby initiating colonic carcinogen-
esis (7). Increasing evidence also suggests that sodium nitrite,
known as a preservative and coloring substance in processed
meats, may increase the risk of colorectal neoplasia (31,32). In
addition, allura red, a sulfonated mono azo dye widely used in
foods, can induce inflammation and DNA damage in the colon of
mice (33,34). In an animal study, administration of monosodium
glutamate, a popular food flavoring agent, was able to produce
obese and diabetic mice highly susceptible to azoxymethane-
induced colorectal carcinogenesis (35). Notably, we found posi-
tive associations between certain UPF subgroups and high-risk
polyps, namely, meat-, poultry-, and seafood-based ready-to-eat
products; fat, condiment, and sauces, packaged sweet snacks
and desserts; and ultra-processed breads and breakfast food.
Many food items included in these subgroups contain consider-
able amounts of the above-mentioned additives. For example,
margarine, mayonnaise, soy sauce, and cake are rich in emulsi-
fiers, and snacks, desserts, breakfast cereals, and bakery goods
are rich in coloring and flavoring agents (36). Although food addi-
tives are approved for human consumption after toxicological
studies and safety assessment, the health impact of long-term
exposure to such chemicals and their combined effect remain
largely unknown and warrant attention.

Major strengths of this study include the prospective design
with a high follow-up rate, detailed and repeated measurement
of diet and other covariates to minimize measurement errors and
reduce residual confounding, and confirmed diagnosis of differ-
ent subtypes of colorectal polyps with detailed histopathological
data through central medical record review. Moreover, the large
number of colorectal polyp cases enabled us to examine the asso-
ciation between UPFs and CRC precursors by anatomic subsites
and malignant potential with sufficient statistical power. Several
limitations need to be acknowledged as well. First, as in any
observational study, unmeasured confounders cannot be ruled
out despite robust adjustment for established risk factors.
Second, because colorectal polyps are usually asymptomatic and
cannot be diagnosed until an endoscopic exam, this study was
restricted to participants who had undergone endoscopy.
Although this raises concerns about selection bias, the similar
consumption of UPF intake in this study and in the overall
cohorts indicates little influence of selection bias on our findings.
Third, the FFQs are unable to cover the full spectrum of UPF con-
sumption. Also, the FFQs used in the cohorts were not specifically
designed to classify foods according to the extent of processing;
however, given the prospective design, nondifferential misclassi-
fication of the exposure likely could have biased our results
toward the null. Finally, the study participants were all health
professionals and predominantly White, which may limit the
generalizability of our findings. However, the homogeneity of our
study population reduces the likelihood of uncontrolled con-
founding. There are no prior data indicating that UPFs have dif-
ferent carcinogenic effects according to race and ethnicity.
Nevertheless, we acknowledge the need for further studies in
more diverse study populations.

In conclusion, our study indicates that high intake of UPFs

and certain subgroups is independently associated with an

increased risk of conventional adenomas and serrated lesions.

Future studies are necessary to confirm our findings, elucidate

the underlying mechanisms, and determine the potential of lim-

iting UPF consumption for CRC prevention.
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