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study

Dong Hang,a'b’c'r Mengxi Dyt Ly Wang,d Kai Wang,“ Zhe Fang,“ Neha Khandpur,b’f’9 Sinara Laurini Rossato,”" Euridice Martinez Steele %'
Andrew T. Chan,>¢ Frank B. Hu,>% Jeffrey A. I\/Ieyerhardf:,k Dariush I\/]ozaffarian,d" Shuji Ogino,“™™*? Qi Sun,>“ John B. Wong,*
Fang Fang Zhang,*** and Mingyang Song™"**

*Department of Epidemiology, Jiangsu Key Lab of Cancer Biomarkers, Prevention and Treatment, Collaborative Innovation Center for
Cancer Personalized Medicine, School of Public Health, Nanjing Medical University, Nanjing, China

bDepartment of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA, USA

“Department of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA, USA

Friedman School of Nutrition Science and Policy, Tufts University, Boston, MA, USA

¢Clinical and Translational Epidemiology Unit and Division of Gastroenterology, Massachusetts General Hospital and Harvard Medical
School, Boston, MA, USA

fDivision of Human Nutrition and Health, Wageningen University, Netherlands

9IDepartment of Nutrition, School of Public Health, University of Sdo Paulo, Sdo Paulo, Brazil

PInstitute of Geography, Universidade Federal de Uberlandia, Minas Gerais, Brazil

'Center for Epidemiological Studies in Health and Nutrition (NUPENS), Faculty of Public Health, University of Sdo Paulo, Brazil
J'Channing Division of Network Medicine, Department of Medicine, Brigham and Women’s Hospital, Boston, MA, USA

l(Department of Medical Oncology, Dana-Farber Cancer Institute and Harvard Medical School, Boston, MA, USA

Tufts School of Medicine and Division of Cardiology, Tufts Medical Center, Boston, MA, USA

"Program in MPE Molecular Pathological Epidemiology, Department of Pathology, Brigham and Women’s Hospital, and Harvard
Medical School, Boston, MA, USA

"Broad Institute of MIT and Harvard, Cambridge, MA, USA

°Division of Nutrition, Harvard Medical School, Boston, MA, USA

PTokyo Medical and Dental University (Institute of Science Tokyo), Tokyo, Japan

9Division of Clinical Decision Making, Tufts Medical Center, Boston, MA, USA

Summary
Background Ultra-processed foods (UPFs) are emerging as a risk factor for colorectal cancer (CRC), yet how post-
diagnostic UPF intake may impact CRC prognosis remains unexplored.

Methods Data collected from food frequency questionnaires were used to estimate intakes of total UPFs and UPF
subgroups (serving/d) at least 6 months but less than 4 years post-diagnosis among 2498 patients diagnosed with
stages I-III CRC within the Nurses’ Health Study and Health Professionals Follow-up Study during 1980-2016.
Hazard ratios (HR) and 95% confidence intervals (CIs) of all-cause, CRC- and cardiovascular disease (CVD)-
specific mortality in association with UPF consumption were estimated using an inverse probability weighted
multivariable Cox proportional hazards regression model, adjusted for confounders.

Findings The mean (SD) age of patients at diagnosis was 68.5 (9.4) years. A total of 1661 deaths were documented,
including 321 from CRC and 335 from CVD. Compared to those in the lowest quintile (median = 3.6 servings/d),
patients in the highest quintile (median = 10 servings/d) of post-diagnostic UPF intake had higher CVD mortality
(HR = 1.65, 95% CI = 1.13-2.40) but not CRC or all-cause mortality. Among UPF subgroups, higher
consumption of fats/condiments/sauces was associated with a higher risk of CVD-specific mortality (highest vs.
lowest quintile of intake, HR = 1.96, 95% CI = 1.41-2.73), and higher intake of ice cream/sherbet was associated
with an increased risk of CRC-specific mortality (highest vs. lowest quintile, HR = 1.86, 95% CI: 1.33-2.61). No
statistically significant association was found between UPF subgroups and overall mortality.
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Interpretation Higher post-diagnostic intake of total UPFs and fats/condiments/sauces in CRC survivors is associated
with higher CVD mortality, and higher ice cream/sherbet intake is linked to higher CRC mortality.
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Research in context

Evidence before this study

We searched PubMed, Embase, and Web of Science on
November 14th, 2023, using terms including “ultra-processed
food” “colorectal cancer”, * prognosis”, and
“mortality”. We found only one cohort study reporting a
positive association of pre-diagnostic ultra-processed food
(UPF) intake with colorectal cancer (CRC)-specific mortality
among stage I-Il CRC patients. However, dietary assessment
was performed only at a single time point before cancer
diagnosis, and lifestyle factors after diagnosis were not
controlled. We did not identify previous publications
reporting the associations between post-diagnostic UPF
intake and CRC prognosis.

[
’

surviva

Added value of this study
Using data from 2498 stages |-l CRC patients within the
Nurses’ Health Study and Health Professionals Follow-up

Introduction
Colorectal cancer (CRC) remains a leading cause of
cancer deaths in the US, with an estimated 53,000 deaths
in 2023." The number of CRC survivors has surpassed
1.5 million and continues to rise, owing to improved early
detection and treatment.” CRC prognosis appears to be
worse among patients with low physical activity, smok-
ing, and underweight.’ Moreover, emerging evidence
suggests that diet is a modifiable factor that can prevent
recurrence, comorbidities, and premature deaths in
CRC.* Cancer survivors are often motivated to make di-
etary changes to improve survival and overall health.”
However, limited evidence on post-diagnostic diet and
CRC survival has led to dietary recommendations pri-
marily based on studies of CRC incidence.® Therefore,
comprehending how dietary factors may impact cancer
survival is urgently needed to guide dietary recommen-
dations for long-term CRC survivorship.
Ultra-processed foods (UPFs) contribute to nearly
60% of Americans’ daily calories, with an upward trend
over the past two decades.” A recent prospective cohort
study reported that a high UPF intake was associated
with a 28% higher risk of developing CRC among
36,341 men.* Pre-diagnostic intake of UPF was also
suggested to increase the risk of CRC-specific mortality
among stage I-II CRC patients.” Meanwhile, several

Study, we found that compared to patients in the lowest
quintile of post-diagnostic UPF intake (median = 3.6 servings/
d), those in the highest quintile (median = 10 servings/d) had
a 65% increased cardiovascular disease (CVD) mortality risk.
Furthermore, higher consumption of fats/condiments/sauces
correlated with an increased CVD mortality risk, while
increased ice cream/sherbet consumption with a higher CRC-
specific mortality risk.

Implications of all the available evidence

Study findings highlight the need for probing UPF-CRC
survival mechanisms and crafting effective strategies to
reduce UPF intake, thereby lowering CVD- and CRC-specific
mortality among CRC patients.

cohort studies conducted in the US and Europe reported
positive associations between UPF consumption and all-
cause mortality.'"'® Studies in the UK Biobank and
Moli-sani have also linked UPF intake to increased
cardiovascular disease (CVD) incidence and mortal-
ity.'»'© Major UPF categories, including refined carbo-
hydrates,"” sugar-sweetened beverages,”® and processed
meats,"” have been associated with worse CRC survival,
possibly due to their high glycemic load and inflam-
matory potential, along with related metabolites that can
promote tumor proliferation and metastasis (e.g.,
trimethylamine-N-oxide (TMAO), hydrogen sulfide).
Cumulative intake of carcinogens (e.g., N-nitroso com-
pounds, heterocyclic amines) from food processing may
cause genomic mutations associated with CRC and
enhance tumor metastasis.”!

Collectively, the evidence suggests that UPFs may
negatively affect CRC survival, yet there is a lack of well-
designed longitudinal studies to evaluate this. To
address this gap, we analyzed data from two large pro-
spective cohorts — the Nurses’ Health Study (NHS) and
the Health Professionals Follow-up Study (HPFS) - to
investigate whether high consumption of total UPFs
and major UPF subgroups after CRC diagnosis is
associated with increased mortality due to CRC, CVDs,
and all causes.
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Methods

Study participants

This analysis included participants from two large US
prospective cohorts. As previously described,”” the
Nurses’ Health Study (NHS) enrolled 121 700 female
registered nurses aged 35-55 years in 1976 and the
Health Professionals Follow-up Study (HPFS) enrolled
51 529 male healthcare professionals aged 40-75 years
in 1986. All participants completed a questionnaire at
baseline and were mailed follow-up questionnaires
biennially to update their lifestyle, disease status, and
clinical information. Diet was assessed using a validated
food frequency questionnaire (FFQ) every four years.
The average follow-up rates were greater than 90% in
both cohorts. Based on the availability of dietary data, we
considered 1980 and 1986 as the baseline for NHS and
HPFS, respectively.

Assessment of CRC cases

During each biennial follow-up, participants reported
any CRC diagnosis in the previous 2 years and provided
consent for medical record acquisition. Study physi-
cians, blinded to exposure data, reviewed medical re-
cords to confirm CRC diagnosis and record the disease
stage, histologic findings, and tumor location. Between
baseline and December 2016, we documented 3379
CRC cases among NHS participants and 1518 among
HPFS participants (Supplementary Fig. S1). We
excluded individuals who were diagnosed at the time of
death, had post-diagnostic diet assessed within 6
months or more than four years after diagnosis, or had
missing pre- or post-diagnosis dietary data. Patients
with stage IV CRC were also excluded mainly because
very few of them returned the post-diagnosis question-
naire due to their relatively short survival time. Finally,
we included 2498 cases with stage I to III CRC in this
analysis, comprising 1764 cases from NHS and 734
cases from HPFS.

Dietary assessments

In NHS and HPFS, participants reported foods and
drinks that they had typically consumed over the past
year using FFQs with ~130 food items. The FFQs
captured the frequency of food consumption in nine
categories, ranging from “never/less than 1 per month”
to “more than 6 per day” with standard portion sizes.
Based on the reported frequency and portion size, we
estimated daily UPF consumption using the Nova clas-
sification system.*

The Nova classifies foods into four groups based on
the extent of industrial processing: unprocessed or
minimally processed foods, processed culinary in-
gredients, processed foods, and ultra-processed foods.**
The methods of categorizing UPFs using the FFQ
data from NHS and HPFS have been described previ-
ously.” UPFs were further classified into mutually
exclusive subgroups (Fig. 1), including ultra-processed
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Fig. 1: The proportion of each ultra-processed food subgroup in
total ultra-processed food consumption after a colorectal cancer
diagnosis.

bread and breakfast foods, fats/condiments/sauces,
packaged sweet snacks/desserts, sugar or artificially
sweetened beverages, animal protein-based ready-to-eat
foods, flavored yogurt/dairy-based desserts, packaged
savory snacks, and ready-to-eat/ready-to-heat mixed
dishes, to evaluate whether the association between UPF
intake and mortality was driven by a specific UPF sub-
group.” The false discovery rate (FDR) method with a
0.05 threshold was applied to account for multiple
comparisons.

We estimated the pre-diagnostic UPF intake using
the last FFQ reported before CRC diagnosis, and post-
diagnostic intake using the first FFQ collected at least
6 months to avoid the active treatment period. The
median time between the assessment of pre-diagnostic
diet and CRC diagnosis was 2.2 years (interquartile
range (IQR): 1.2-3.2 years), and the median time be-
tween CRC diagnosis and the assessment of post-
diagnostic diet was 2.4 years (IQR: 1.4-3.4 years).
Changes in total UPF intake were computed using post-
diagnostic UPF intake minus pre-diagnostic UPF
intake.

Assessment of deaths

Deaths were identified from state records, the National
Death Index, next of kin, and the postal system in
response to the follow-up questionnaires. The cause of
death was identified from death certificates or medical
records reviewed by study physicians. We modeled
CRC- and CVD-specific mortality as the primary out-
comes and all-cause mortality as the secondary outcome.

Statistics

Person-time of follow-up for each participant was
calculated from the age in months at the return date of
the post-diagnostic FFQ until the age at the death date,
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loss to follow-up, or end of follow-up (December 31,
2019), whichever came first. We used a Cox proportional
hazards model with time since diagnosis as the time
scale to estimate the hazard ratio (HR) and 95% confi-
dence interval (CI) for mortality associated with UPF
intake, accounting for left truncation due to the variation
between patients in the timing of dietary assessment
after CRC diagnosis.” We applied inverse probability
weighting (IPW) in models to reduce potential selection
bias arising from the exclusion of patients who had
missing dietary data, as previously described.” The
proportional hazards assumption was tested via a like-
lihood ratio test comparing the models with and without
the product terms of UPF intake and follow-up time.

Because the carcinogenic effect of UPFs may go
beyond the calories they present, we quantified UPF
intake as servings per day (servings/d) and adjusted for
total energy using the residual method. We assessed
the association between UPF intake in quintiles and
CRC survival. Trend tests were conducted using the
median of each quintile of UPF intake as a continuous
variable. The multivariable model adjusted for poten-
tial confounders, including age at diagnosis, sex
(women and men), cancer stage (I, II, III, and un-
specified), calendar year of diagnosis, tumor grade of
differentiation (well differentiated, moderately differ-
entiated, poorly differentiated, and unspecified), CRC
subsite (proximal colon, distal colon, rectum, and un-
specified), family history of CRC, pre-diagnostic UPF
intake, and post-diagnostic covariates including alcohol
intake (<0.15, 0.15-1.9, 2.0-7.4, >7.5 g/d), current
smoking (yes or no), pack-years of smoking (0, 1-15,
16-25, 26-45, >45), body mass index (BMI, <23,
23-24.9, 25-27.4, 27.5-29.9, >30 kg/m?), physical ac-
tivity (women: <5, 5-11.4, 11.5-21.9, >22 metabolic
equivalent of task (MET)-hours/week; men: <7, 7-14.9,
15-24.9, >25 MET-hours/week), and regular use of
aspirin and other nonsteroidal anti-inflammatory
drugs (>2 tablets per week). In a sensitivity analysis,
we performed a competing risk survival analysis by
estimating the sub-distribution HR for cause-specific
mortality, which quantified the risk of each mortality
endpoint while taking into account the competing risk
of mortality from other causes.”

Considering that dietary fiber from whole grains can
be beneficial for CRC survival,” in a sensitivity analysis,
we removed whole-grain bread and breakfast cereals
from total UPFs. To examine potential confounding by
diet quality and other dietary factors, we additionally
adjusted for diet quality measured by the Alternative
Healthy Eating Index (AHEI) and dietary intake of total
fiber, total sugars, marine omega-3 fatty acid, folate,
calcium, and vitamin D in two sensitivity analyses,
respectively.

We conducted stratified analyses according to tumor
subsites (proximal colon, distal colon, and rectum) and
cancer stage (stages I, II, and III) to evaluate whether the

associations may differ across cancer sites or stages. We
also performed stratified analyses according to sex and
the median year of CRC diagnosis (the year 1999). P for
heterogeneity was evaluated using the likelihood ratio
test. Additionally, we evaluated the association of pre-
diagnostic UPF intake and the change in UPF intake
with mortality outcomes in secondary analyses. All an-
alyses were performed in SAS (version 9.4). Statistical
significance was considered at the a = 0.05 level.

Ethics

The study protocol was approved by the institutional
review boards (IRBs) of the Brigham and Women’s
Hospital and Harvard T.H. Chan School of Public
Health, and those of participating registries as required
(IRB Protocol 10372). The IRBs allowed participants’
completion of questionnaires to be considered as
implied consent.

Role of the funding source

The funders had no role in the design of the study; the
collection, analysis, and interpretation of the data; the
writing of the manuscript; or the decision to submit
the manuscript for publication.

Results

Characteristics of CRC patients

Among 2498 patients with stage I to III CRC, the mean
(SD) age at diagnosis was 68.5 (9.4) years. The median
(IQR) intake of total UPFs after CRC diagnosis was 6.0
(4.6-7.8) servings/d. The top 3 major UPF subgroups
include ultra-processed bread and breakfast foods
(27%), fats/condiments/sauces (24%), and packaged
sweet snacks/desserts (17%) (Fig. 1). Pre- and post-
diagnostic intakes of total UPFs were modestly corre-
lated (Spearman correlation coefficient r = 0.60)
(Supplementary Table S1). In a subset of patients who
provided chemotherapy data, we found that the post-
diagnostic UPF consumption was similar between
those who received chemotherapy (n = 270) and those
who did not (n = 359) (median [IQR]: 5.9 [4.5-7.9] vs. 5.8
[4.4-7.8] servings/d).

Patients with higher post-diagnostic UPF consump-
tion tended to have a higher BMI, more pack-years of
smoking, less alcohol consumption, poorer diet quality,
and lower intake of dietary fiber, calcium, vitamin D,
and marine omega-3 fatty acids (Table 1).

Post-diagnostic intake of total and UPF subgroups
and mortality

During a median follow-up of 11.0 years, we docu-
mented 1661 deaths, including 321 due to CRC (19.3%),
335 due to CVD (20.2%), and 1005 primarily due to
cancers other than CRC, dementia, respiratory disease,
and various diseases of other systems. Post-diagnostic
total UPF intake was associated with higher
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Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
(n = 499) (n = 501) (n = 495) (n = 503) (n = 500)
Male, % 30 29 29 29 30
Age, years 68.1 (9.3) 68.4 (10.1) 68.4 (9.7) 69.1 (8.9) 69.7 (8.9)
Body mass index, kg/m’ 25.4 (4.9) 257 (4.3) 26.2 (4.4) 26.6 (5.2) 27.4 (4.9)
Physical activity, MET-hours/week 20.6 (27.1) 18.6 (22.7) 182 (23.3) 15.9 (21.1) 17.1 (23.6)
Pack-years of smoking 13.8 (20.1) 14.6 (21.1) 18.1 (24.2) 16.2 (22.1) 21.1 (24.3)
Current smokers, % 7 6 7 6 5
Regular use of aspirin, % 46 49 53 58 53
Alternative Healthy Eating Index 57.7 (11.2) 54.8 (11.3) 52.6 (11.3) 52.1 (10.5) 49.9 (11.2)
Food and nutrient intake
Total fiber, g/day 22.9 (7.5) 20.9 (5.8) 20.5 (6.1) 20.6 (6.1) 19.7 (6.8)
Total folate, pg/day 685 (345) 662 (295) 639 (313) 676 (344) 652 (356)
Total sugar, g/day 102 (31) 103 (27) 104 (30) 103 (31) 101 (32)
Calcium, mg/day 1227 (603) 1235 (562) 1155 (563) 1200 (572) 1145 (543)
Vitamin D, IU/day 608 (490) 569 (423) 551 (476) 580 (473) 522 (443)
Marine @-3 PUFAs, mg/day 365 (369) 310 (313) 272 (287) 289 (318) 221 (224)
Alcohol, g/day 10.0 (14.7) 8.7 (13.5) 6.6 (10.0) 6.8 (11.6) 4.7 (9.6)
Ultra-processed foods” 3.4 (0.8) 4.9 (0.5) 6.0 (0.5) 7.4 (0.6) 103 (2)
Bread and breakfast foods® 1.1 (0.6) 1.4 (0.7) 1.7 (0.8) 2.1 (11) 2.4 (1.3)
Fats/condiments/sauces” 0.8 (0.6) 1.1 (0.6) 1.4 (0.8) 1.8 (1) 2.6 (1.6)
Packaged sweet snacks/desserts” 0.6 (0.5) 0.9 (0.6) 1.1 (0.8) 13 (1) 1.6 (1.4)
Sugar or artificially sweetened beveragesb 0.2 (0.4) 0.4 (0.5) 0.6 (0.6) 0.7 (0.9) 13 (1.6)
Animal protein-based ready-to-eat foods® 0.2 (0.2) 0.3 (0.3) 0.3 (0.3) 0.3 (0.3) 0.4 (0.5)
Flavored yogurt/dairy-based desserts” 0.3 (0.3) 0.3 (0.3) 0.4 (0.3) 0.3 (0.5) 0.4 (0.4)
Packaged savory snacks” 0.2 (0.2) 0.2 (0.2) 0.3 (0.4) 0.4 (0.6) 0.5 (0.9)
Ready-to-eat/ready-to-heat mixed dishes” 0.1 (0.1) 0.2 (0.1) 0.2 (0.1) 0.1 (0.1) 0.2 (0.2)
Other ultra-processed foods” 0 (0.1) 0.1 (0.3) 0.2 (0.5) 0.4 (0.9) 0.9 (1.4)
Cancer subsite, %
Proximal colon 43 50 43 43 45
Distal colon 28 26 35 32 27
Rectum 24 19 18 21 23
Unspecified 5 4 4 4 4
Cancer differentiation, %
Well differentiated 15 12 15 14 14
Moderately differentiated 61 59 56 61 58
Poorly differentiated 10 16 13 11 14
Unspecified 14 13 16 14 14
Cancer stage, %
| 33 31 35 34 30
Il 32 32 29 32 33
1] 24 26 24 21 24
Unspecified 11 11 13 13 14
*Quintiles are created in women and men separately. Means are calculated for continuous variables. All variables are age-standardized except age. °Energy-adjusted servings
per day.
Table 1: Age-standardized characteristics of colorectal cancer patients at diagnosis according to quintiles of ultra-processed food intake (n = 2498).”

CVD-specific mortality in the age-, sex-, and stage-
adjusted model (Q5 vs. Ql: HR = 1.80, 95% CI:
1.31-2.47), and the association remained significant af-
ter multivariable adjustment (HR = 1.65, 95% CI:
1.13-2.40) (Table 2). Competing risk survival analysis
for cause-specific mortality produced essentially the
same results (Supplementary Table S2). Not adjusting
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for BMI or further adjusting for diet quality and other
dietary factors did not essentially change the estimates
(Supplementary Table S3). The association between total
UPF intake and CVD-specific mortality slightly weak-
ened after removing whole grains from total UPFs
(HR = 1.46, 95% CI: 1.03-2.07). Total UPF intake was
not associated with CRC-specific or overall mortality.
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Ultra-processed Food Intake, Post-diagnosis of Colorectal Cancer P for trend
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5

Total UPF Intake, median (IQR), serving/d 3.6 (2.9-3.9) 4.9 (4.5-5.2) 6.0 (5.6-6.3) 7.4 (6.9-7.8) 10.0 (9.0-11.2)
CRC-specific mortality

No. of events (n = 321) 60 72 70 60 59

Model 1, HR (95% CI)° Reference 1.07 (079, 1.44) 118 (0.87,1.59) 1.14 (0.84, 1.55) 0.96 (0.70, 1.31) 0.75

Model 2, HR (95% CI) Reference 0.99 (073, 1.36) 1.12 (0.82,1.53) 0.93 (0.66, 1.31) 0.82 (0.57, 1.18) 0.20
CVD-specific mortality

No. of events (n = 335) 47 69 52 79 88

Model 1, HR (95% CI)° Reference 144 (1.03,2.00) 107 (075, 1.53) 157 (1.13,2.19) 1.80 (131, 2.47) 0.0002

Model 2, HR (95% Cl)° Reference 147 (1.05,2.06) 1.01 (070, 1.46) 1.60 (1.13,227) 1.65 (113, 2.40) 0.01
All-cause mortality

No. of events (n = 1661) 310 329 308 358 356

Model 1, HR (95% CI)° Reference 0.98 (0.85,1.12)  0.91 (0.79, 1.05) 1.03 (0.89, 1.18) 1.08 (0.94, 1.24) 0.14

Model 2, HR (95% Cl)° Reference 0.99 (0.86, 1.14) 0.87 (0.75, 1.01)  0.97 (0.84, 1.12)  0.95 (0.81, 1.11) 058
?Post-diagnostic intake was assessed at least 6 months after diagnosis to minimize the influence of active treatment. PModel 1: Hazard ratios (HRs) and 95% confidence
intervals (Cls) were estimated in Cox proportional hazards regression model after adjusting for age at diagnosis (continuous), sex, and cancer stage (1, I, Ill, and unspecified).
“Model 2: Model 1+ further adjusted for pre-diagnostic consumption of ultra-processed foods (continuous), year of diagnosis (continuous), tumor grade of differentiation
(1-3 and unspecified), subsite (proximal colon, distal colon, rectum and unspecified), post-diagnostic alcohol consumption (<0.15, 0.15-1.9, 2.0-7.4, >7.5 g/d), current
smoking (yes or no), pack-years of smoking (0, 1-15, 16-25, 26-45, >45), BMI (<23, 23-24.9, 25-27.4, 27.5-29.9, >30 kg/mz), physical activity (women: <5, 5-11.4,
11.5-21.9, >22 MET-hours/week; men: <7, 7-14.9, 15-24.9, >25 MET-hours/week), and regular use of aspirin and other nonsteroidal anti-inflammatory drugs (>2 tablets
per week).
Table 2: Association of post-diagnostic consumption of ultra-processed foods with mortality among colorectal cancer patients (n = 2498).%

Among UPF subgroups, higher consumption of fats/

condiments/sauces was associated with increased CVD-
specific mortality (Q5 vs. Q1: multivariable HR = 1.96,
95% CI: 1.41-2.73; FDR = 0.001) (Fig. 2). Increased
CRC-specific mortality was associated with a higher
intake of flavored yogurt/dairy-based desserts, specif-
ically ice cream/sherbet (HR = 1.86, 95% CI: 1.33-2.61;
FDR = 0.02). No significant association was found be-
tween UPF subgroups and overall mortality.

No significant heterogeneity was detected for the
association between total UPF intake and mortality

CRC-specific mortaity. HR(95%CI)  FDR of Pfor trend

Ulira-processed bread and breakfast foods  +—e—{~ 080 (057, 1.11) —a—

Fats/condiments/sauces et 0.78(0.56,1.09)

118 (0.85,1.65)

Sugar or 134 (0.94,1.90)

Animal protein-based ready-lo-eat foods —a— 0.95(0.68, 1.33)

174 (1.23,2.46)

Ice cream and sherbet .

. 186(133,261)
Flavored yogurt I 106075, 1.50)

Packaged savory snacks —— 1.34(0.96,1.86)

SESREED!
l

1.10(0.78,1.55)

04 07 10 13 15 19 22 25 28
HR (96% CI)

CVD-specific mortaity.

across tumor subsites or stages (P for heterogeneity >
0.05) (Supplementary Tables S4 and S5). We also found
that the associations were consistent according to sex
(Supplementary Table S6) and year of CRC diagnosis
(Supplementary Table S7) (P for heterogeneity > 0.05).

Change in total UPF intake after diagnosis and
mortality

Patients who reduced their UPF intake after diagnosis
with a median reduction of 2.7 servings/d from levels
before diagnosis had lower CVD-specific mortality (Q1

HR(95%CI)  FDR of Pfor trend All-cause mortality HR(95%CI)  FDR of Pfor trend

0.89(0.63,1.25) t 088(0.76,1.02)
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Fig. 2: Association of post-diagnostic consumption of ultra-processed food subgroups with mortality among colorectal cancer (CRC)
patients. Hazard ratios (HRs) and 95% confidence intervals (Cls) were estimated in the Cox proportional hazards regression model after
adjusting for age at diagnosis (continuous), sex, and cancer stage (, Il, Ill, and unspecified), pre-diagnostic consumption of ultra-processed foods
(continuous), year of diagnosis (continuous), tumor grade of differentiation (1-3 and unspecified), subsite (proximal colon, distal colon, rectum
and unspecified), post-diagnostic alcohol consumption (<0.15, 0.15-1.9, 2.0-7.4, >7.5 g/d), current smoking (yes or no), pack-years of smoking
(0, 1-15, 16-25, 26-45, >45), body mass index (<23, 23-24.9, 25-27.4, 27.5-29.9, >30 kg/mz), physical activity (women: <5, 5-11.4, 11.5-21.9,
>22 metabolic equivalent of task (MET)-hours/week; men: <7, 7-14.9, 15-24.9, >25 MET-hours/week), and regular use of aspirin and other
nonsteroidal anti-inflammatory drugs (>2 tablets per week). The false discovery rate (FDR) method with a 0.05 threshold was applied to
account for multiple comparisons. HRs and 95% Cls (highest vs. lowest quintile) were plotted with solid symbols representing point estimates
of HRs and whiskers indicating 95% Cls. Abbreviation: CVD, cardiovascular disease.
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vs. Q3: multivariable HR = 0.65, 95% CI: 0.45-0.92)
(Supplementary Table S8). No statistically significant
association was found between increased UPF intake
and mortality. Pre-diagnostic intake of total UPFs was
not associated with any mortality outcome
(Supplementary Table S9).

Discussion

This study is among the first to investigate the associa-
tion of post-diagnostic UPF intake with mortality in
CRC survivors. Compared to lower intake (median: 3.6
servings/d), higher post-diagnostic UPF intake (median:
10 servings/d) was associated with a 65% higher risk for
CVD mortality but not CRC-specific or all-cause mor-
tality, adjusting for potential confounding. Among UPF
subgroups, fats/condiments/sauces were linked to
increased CVD-specific mortality and ice cream/sherbet
were associated with higher CRC-specific mortality.

CVD is one major cause of death among CRC pa-
tients, possibly due to shared risk factors and treatment-
related cardiotoxicity. An analysis of nearly 840 000 CRC
patients diagnosed between 1975 and 2016 in the US
found that CVD is the most common non-cancer cause,
accounting for 20.3% of all deaths among CRC pa-
tients,*! aligning with our findings. Meta-analyzed data
have shown that metabolic dysregulation (e.g., obesity,
diabetes, hypertension, and hyperlipidemia) and life-
style factors (e.g., diet, smoking, alcohol consumption,
and physical activity) are shared risk factors for CVD
and CRC.* Prior studies showed that chemotherapy and
other CRC treatments can induce cardiotoxicity, leading
to higher CVD risks.” Consequently, prevention of CVD
should become an important target in follow-up care for
CRC patients and is worth a collective effort in the
cardio-oncology community.**

It remains unknown whether our observed associa-
tion between UPF intake and CVD mortality is specific
to CRC patients. Studies in the general population have
reported contradicting results. In the Framingham
Offspring Study with 3000 CVD-free subjects, each
additional daily UPF serving raised CVD mortality risk
by 9%*; and a prior study of 22 475 adults from the
Moli-sani cohort found a 58% higher CVD mortality
associated with high UPF consumption (over 15% in
total food weight/d).” Nevertheless, null findings were
reported in the US NHANES III"* and a systematic re-
view.** The inconsistency may be partly explained by the
differences in study populations, sample sizes, follow-
up time, and UPF compositions. Therefore, further
investigation is needed to reconcile the existing findings
in the general population.

Prior studies suggest that high UPF intake may in-
crease CRC risk,** although a UK biobank study
showed no association between UPF intake and CRC-
specific mortality among cancer-free individuals.” This
aligns with our results, indicating that among CRC
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patients UPFs may act more on systemic pathways to
influence CVD-specific mortality rather than tumor
recurrence or metastasis. Future clinical trials are war-
ranted to investigate whether reducing UPF intake could
mitigate the burden of cardiometabolic diseases and
preventing premature death caused by CVDs among
CRC patients.

We found that prognostic associations varied among
UPF subgroups, possibly due to heterogeneity in bio-
logical effects across these food categories. Prior studies
on food additives indicate that artificial sweeteners and
emulsifiers, often found in fats/condiments/sauces and
ice cream, may increase CVD risk and promote CRC
progression. A large cohort study found one unit
increment (log10 scale in mg/d) of artificial sweetener
intake was associated with a 9% higher CVD risk.”* A
metabolomics analysis with a pilot intervention sug-
gested erythritol, a commonly used sugar substitute,
was strongly associated with CVD incidence, partly by
enhancing thrombosis.”® Artificial sweeteners can
potentially alter gut microbiota, increasing the risk of
atherosclerosis, hypertension, heart failure, obesity, and
type 2 diabetes.*” Functional evidence suggests that
stabilizers and thickening agents in ice cream and
sherbet, particularly xanthan gum and carrageenan,
could promote gut dysbiosis and increase the expression
of microbiota-derived pro-inflammatory molecules,***
which may affect CRC prognosis.

Growing evidence underscores the role of diet in
cancer survivorship, yet defining an optimal post-cancer
diet remains unresolved. Our study indicates the need
to delve beyond nutrient profiles and examine the effect
of food processing. Although some progress has been
made, our understanding of UPFs is incomplete,
necessitating further research to fully grasp their health
impact and mechanisms. Clarifying the UPF-cancer
relationship would guide effective interventions for
at-risk and general populations. Future nutrition edu-
cation and evidence-based innovations (e.g., Food-is-
Medicine intervention), involving healthcare providers
or community-based programs, can enhance cancer
survivors’ nutritional understanding and provide
tailored nutrition advice for patients and caregivers.
UPF-targeted food labeling policies may also be priori-
tized as these are cost-effective strategies to reduce
intake, improve food quality, and alleviate disease and
economic burdens by reshaping consumer behaviors
and stimulating industry reformulations.**

The study strengths include the prospective design,
detailed pre- and post-diagnostic diet and lifestyle data
collection, standardized medical record review for CRC
and deaths, and long-term follow-up. Detailed covariates
collected in parallel with UPF intake allowed for
rigorous control for confounding.

Some limitations are worth noting. First, detailed
treatment data are often unavailable. However, since
standardized adjuvant treatment correlated with the
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disease stage, the potential confounding by treatment
was minimized through adjustment for stage. More-
over, as participants were healthcare professionals, dis-
crepancies in treatment access were likely minimal.
Second, data on cancer recurrences were unavailable.
Nevertheless, because the median survival for metastatic
CRC was approximately 10-12 months, CRC-specific
mortality should be a reasonable surrogate for cancer-
specific outcomes. Third, UPF classification relied on
FFQ data, which did not cover the full spectrum of
UPFs or provide information on the levels of process-
ing. However, given the prospective design, misclassi-
fication was likely non-differential and would have
biased the association estimates toward the null. Fourth,
potential survival bias should be acknowledged. To
address this, we applied inverse probability weighting, a
statistical technique that involves assigning different
weights to participants based on their likelihood of be-
ing included in the study, thereby accounting for po-
tential differential probabilities of inclusion in the study.
Finally, as an observational study, residual confounding
cannot be excluded and thus limits our ability for causal
inference.

In conclusion, our findings indicate that higher
consumption of total UPF after CRC diagnosis is asso-
ciated with an increased risk of CVD-specific mortality.
The prognostic associations varied greatly among UPF
subgroups, possibly due to the heterogeneity in biolog-
ical effects across these food categories.
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