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Abstract

Purpose Unhealthy dietary patterns contribute to an increased risk of colorectal cancer (CRC). Limited prior research has
used reduced rank regression (RRR) to assess dietary patterns relative to CRC risk. This study aimed to identify dietary pat-
terns derived by RRR and assess their associations with CRC risk and mortality.

Methods We used data from the multicentre Prostate, Lung, Colorectal, and Ovarian Cancer Screening (PLCO) trial. Dietary
intake was assessed using a Dietary History Questionnaire. In the RRR intake of fibre, folate, and the percentage of energy
from carbohydrates, saturated and unsaturated fatty acids were used as response variables. Cox models and competing risk
survival regression, with age as the time scale, were used to estimate hazard ratios (HRs) and 95% confidence intervals (CIs)
for CRC risk and mortality, respectively.

Results The median follow-up time for CRC risk (n=1044) and mortality (n=499) was 9.4 years (Interquartile Range: 8.
0, 10.1) and 16.9 years (11.9, 18.6), respectively. Two dietary patterns were identified: the first was characterised by high
carbohydrate, folate and low fatty acid intake, and the second by high fibre and unsaturated fatty acid. Compared to partici-
pants in the first tertile of the high fibre and unsaturated fatty acid pattern, those in the third tertile had a lower risk of CRC
(HR =0.88; 95% CI: 0.76, 1.03), and colon cancer (HR =0.85; 95% CI: 0.72, 1.01). Conversely, the high carbohydrate, high
folate and low fatty acid pattern had no association with CRC outcomes. None of the dietary patterns showed associations
with rectal cancer or CRC mortality.

Conclusion A diet enriched with high fibre and unsaturated fatty acids may reduce the risk of CRC. These results highlight
the potential protective effect of adequate fibre intake in conjunction with high consumption of unsaturated fatty acids
against CRC.

Keywords Colorectal cancer - Healthy diet - Hybrid dietary data analysis - Longitudinal data - Reduced rank
regression - Survival analysis

Background

Colorectal cancer (CRC) is one of the leading causes of
cancer-related morbidity and mortality [1], and is the third
most common cancer worldwide [2]. Incidence of CRC
is steadily increasing, with the number of CRC cases and
associated deaths reaching 2.17 million in 2022. It is esti-
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Among the nutrients that have been investigated are carbo-
hydrates, fibre, folate, saturated and unsaturated fatty acids
[9-12]. However, the synergic or interaction effect of these
nutrients on CRC risk and mortality has not received much
attention, as most existing studies focus on specific nutrients
or food items, and do not use dictary data analysis meth-
ods which consider all consumed food items and nutrients
collectively.

This is problematic, as previous analyses of associations
between single nutrient or food items and cancer risk have
failed to capture the complexity of dietary patterns [13].
Nutrients and food items are not consumed in isolation, and
we need approaches that consider food intake more holisti-
cally. To address this complexity, more recent studies have
adopted various methodological approaches to capture
the multidimensionality of dietary intake and interactions
between nutrients and food items [14]. These include a pri-
ori methods (based on adherence to a pre-specified dietary
pattern) [15], a posteriori methods (based on observed
dietary intake) [16], or hybrid methods [17].

Several studies previously assessed the association
between dietary patterns and the risk of CRC using both pri-
ori and posteriori methods. Systematic reviews and meta-
analyses indicate that high scores of a healthy eating index
[18, 19], the Mediterranean diet [ 18, 20], dietary approach to
stop hypertension [18, 21], and anti-inflammatory diet [18,
19] were associated with a reduced risk of CRC. Similarly,
posteriori methods have shown that prudent dietary patterns
protective against CRC [22, 23]. On the contrary, the west-
ern dietary pattern has been associated with an increased
risk of CRC [22, 24, 25].

These dietary indices do not consider nutrient-nutrient
interaction and correlations, do not describe the overall diet
quality (quality scores focus on selected aspects of the diet),
and are limited by the available scientific knowledge of food
and health outcomes [15, 16]. While posteriori methods
consider the interaction of different foods or nutrients, do
not take into account the previous knowledge of diet and its
relationship with CRC [26].

Methods that used both combination of a priori and
post priori methods may provide a better understanding of
between dietary intake and CRC. Reduced rank regression
(RRR) is one of the hybrid methods that combines dietary
data with a priori knowledge of disease-related factors,
such as biomarkers or nutrients, in order to derive dictary
patterns that are directly associated with health outcomes
[27]. Previous research has indicated that dietary patterns
derived through RRR exhibit a robust association with con-
ditions like cardiovascular disease [17], breast cancer [28]
and bone mass density [29] when compared to dietary pat-
terns derived through a priori and a posteriori methods.
While promising applications are apparent in other health
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outcomes, the utilization of RRR in the context of prospec-
tive studies examining dietary patterns and CRC risk is lim-
ited to date. Additionally, a limited number of studies have
considered fibre, folate and macronutrients as response vari-
ables to assess the association between dietary intake and
risk of CRC. These studies have found differential effects of
carbohydrates, fat, fibre, and folate on CRC risk, with some
increasing and others reducing risk [12, 30-34].

Using dietary patterns that account for the greatest varia-
tion in these nutrients can aid in evaluating the relationship
between dietary intake and the risk of CRC. Consequently,
RRR can be employed to identify dietary patterns associ-
ated with CRC, particularly through the pathways involving
fibre, folate, and the intake of carbohydrates, saturated and
unsaturated fatty acids. Thus, we aimed to identify dietary
patterns explaining the variability in total fibre and folate
intake, as well as the percentage of energy from carbohy-
drates, saturated and unsaturated fatty acids, to determine
their association with CRC risk and mortality.

Methods
Subjects and study design

The current analyses utilise data from a large multicentre
randomized controlled trial study of the Prostate, Lung,
Colorectal, and Ovarian Cancer Screening (PLCO). The
PLCO was designed by the National Cancer Institute (NCI)
in the United States of America (USA) and was established
in 1993 to determine the effects of screening on cancer-
related mortality in men and women aged 55 to 74 years.
The detailed trial profile is described elsewhere [35].

Briefly, from November 1993 to July 2001, around
155,000 participants were enlisted at 10 screening centres
across the USA, and randomly assigned to either the inter-
vention or control group. The intervention group underwent
screening examinations. Digital rectal examination and
prostate-specific antigen testing were used to detect prostate
cancer in males, cancer antigen 125 and transvaginal ultra-
sound were used to detect ovarian cancer in females, and
chest radiography and flexible sigmoidoscopy were used to
detect lung and CRC in both males and females. The con-
trol group received standard care. Both groups completed a
baseline questionnaire, and the intervention group addition-
ally completed a dietary questionnaire. In December 1998,
a second dietary measure, the Dietary History Questionnaire
(DHQ), was introduced for both groups to assess dietary
intake. Control arm participants randomized before Decem-
ber 1998 were provided the DHQ in 1999 or 2000, while
those randomized in or after December 1998 were offered
the DHQ at baseline.
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Physical activity status was assessed between 2006 and
2007. Data on cancer diagnoses were collected through
2009, and mortality data were tracked through 2018. For
this analysis, participants who completed DHQ and had a
valid dietary DHQ (with caloric intake falling between the
Ist and 99th percentiles, and had less than 8 missing fre-
quency responses on the DHQ) were included [36]. Par-
ticipants with a personal history of cancer before DHQ
collection were excluded. Further exclusions were applied
to individuals with missing values on key confounding
variables (< 1%). As a result, the final sample consisted of
97,561 participants (Fig. 1).

Dietary assessment

The DHQ questionnaire is widely used in prior studies [36—
40] and collects information about the frequency of 77 food
items typically consumed, as well as the usual dietary intake
of the study participants in the previous 12 months [41].
The questionnaire also assesses the typical portion size. The

Fig. 1 Flow diagram of subjects
included in the prospective
analysis of the PLCO Trial. Note:
DHQ, Dietary History Question-
naire; CRC, Colorectal cancer;
PLCO, Prostate, Lung, Colorec-

Participants in the PLCO
baseline survey (1993-2001)

N=154, 887

tal, and Ovarian

questionnaire can be publicly accessed here: http://riskfact
or.cancer.gov/DHQ/. The DHQ has been evaluated against
a widely used food frequency questionnaire, the Willett
and Block food frequency questionnaire (FFQ), in Eating
at America’s Table Study [42]. The results showed that
DHQ is best compared to Willett and Block FFQs. Notably,
strong correlations of 0.48, 0.45, and 0.18 were observed
for women, and 0.49, 0.45, and 0.21 for men, respectively,
between true energy and DHQ, Block FFQ, and Willett
FFQ [42]. Additionally, DHQ exhibited higher correlations
for 26 nutrients in contrast to Block and Willett FFQs [42].
Furthermore, validation by Thompson et al. [43] involved a
comparison of DHQ concerning the design of dietary data
collection approaches, such as grouping (single vs. multiple
separate questions), different forms of food (consumption
frequency of each food vs. consumption frequency of main
food), additions (e.g., adding sugar to coffee), and units
(portion size vs. frequency of units). The findings from this
validation suggested that the FFQ in DHQ enhanced the
accuracy of reporting dietary data.

Excluded

« Study participants who did not complete
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Participants with a valid DHQ
(1998-2004)
N= 111, 484

Y

DHQ (n = 38,182)
« Not a valid DHQ (n =5, 221)

Excluded

« Participants who had a history of cancer
before HDQ (n = 9798)

« Has no follow-up time (n= 116)

« Excluded due to missingness (total = 4,125)

Y

Analysis sample
N= 97, 561

Outcomes:

1) Incidence (1993-2009)
CRC (n=1, 044)
Colon (n=913)
Rectum (n= 116)
Unclassified (n= 15)

1) Mortality (1993-2018)

CRC mortality (n = 499)

o Race (n=37)

Educational status (n = 197)
Occupation (n= 459)

Marital status (n = 186)
Smoking (n = 13)

Family history of CRC (n = 774)
Family history of other cancers (n =
281)

Body mass index (n = 339)
Aspirin use (n = 433)

Colon comorbidity (n = 886)
Diabetes (n = 526)

Diverticulitis (n=631)
Hypertension (n= 502)

Liver comorbidity (n = 630)
Colorectal polyp (n =613)

o
o
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To determine nutrient and food intake amounts, US
dietary data and the pyramid food group servings database
from the US Department of Agriculture (USDA) were uti-
lized [44]. The food and nutrient values obtained were then
used to create food groups based on the USDA’s My Pyramid
Equivalents Database (MPED) [45]. The database translates
the intake components of the National Health and Nutrition
Examination Survey (NHANES) 2003-2004 into the 27
major groups and subgroups as grain group (whole grain
and refined grain), vegetable group (dark green vegetables,
orange vegetables, white potatoes, other starch vegetables,
tomatoes and other vegetables), fruit group (citrus fruits and
other fruits), milk group (milk, yogurt, and cheese), meat
and beans group (meat, organ meats, frankfurters, poultry,
fish and shellfish high in n-3 fatty acids, fish and shellfish
low in n-3 fatty acids, eggs, cooked dry beans and peas, soy-
bean products, nuts and seeds), oils (discretionary oil), and
extras (discretionary solid fat, added sugars and alcoholic
beverages [45]. In this study, a total of 29 food groups based
on MyPyramid major group and subgroup classification,
with 2 two additional groups created for alcohol, as detailed
in Supplementary Table 1, were used to construct dietary
patterns.

CRC outcomes

The primary outcome of interest was incident CRC cases.
The identification of CRC cases primarily involved self-
reporting through annually administered follow-up ques-
tionnaires. Each participant received an annual follow-up
email prompting them to provide details about cancer diag-
noses, including type, site, date of diagnosis, and contact
information for their healthcare providers. To ensure the
accuracy of reported cancer cases, a thorough review of
medical records was conducted using a standard form [46].
Within the screening arm, additional cases were identified
through clinical follow-up of a positive screening test [47].
CRC cases were coded according to the criteria defined
by the International Classification of Diseases for Oncol-
ogy (ICD-0-2) codes. Specifically, codes C180-C189 were
associated with colon cancer, while codes C199, C209,
C212, and C218 were linked to rectum cancer [37].

The secondary outcome was CRC mortality. CRC mor-
tality was also identified through annual study update ques-
tionnaires and determined from death certificate information
gathered through annual follow-up procedures and annual
searches of the National Death Index (NDI). CRC specific
mortality was determined according to the International
Classification of Diseases version 9 (ICD-9): codes 153XX-
154XX (except 1535X) as CRC. Finally, an independent
Death Review Committee further reviewed deaths if partici-
pants (1) were diagnosed with a confirmed PLCO cancer;
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(2) had a death certificate stating they died of a PLCO can-
cer and/or (3) had death certificate which was ambiguous
as to whether the cause of death was a PLCO cancer [46].

Confounding variables

Socio-demographic characteristics were collected at base-
line via questionnaire. Smoking habits were categorized as
current, former smoker, and never smoked. Education status
was operationalized as completed less than 8 years; attend-
ing 8—11 years; attending up to 12 years or complete high
school; post high school training other than college; some
college; college graduate, and postgraduate. Occupational
status was defined as working, homemaker, unemployed,
retired, extended sick leave, disabled, and others. Body mass
index (BMI) was classified as underweight (< 18.5), normal
(18.5-24.9), overweight (25-29.9), or obese (> 30 kg/m°). In
addition, family history of any cancer other than CRC (yes/
no), family history of CRC (yes/no), Aspirin use (yes/no),
diabetes (yes/no), colorectal polyps (yes/no), and diverticu-
litis (ves/no) were collected at baseline.

Physical activity level of the study participants over 12
months was assessed using a questionnaire (Supplemen-
tary Table 2). In the PLCO study, participants were queried
about moderate physical activity with the question, “On
average, how many days per week did you engage in any
moderate physical activity where you worked up a light
sweat or increased your breathing and heart rate to mod-
erately high levels?” Response options included none or
less than 1 day per week, 2 to 3 days per week, 4 to 5 days
per week, and 6 to 7 days per week. For each frequency
category, participants were also asked about the duration of
each session, with options ranging from none or less than
15 min to 40 min or more. A similar question-and-response
format was used for vigorous physical activity. To analyse
the data, we adopted the procedures outlined in a previous
PLCO publication [48] to calculate the weekly time spent in
moderate and vigorous physical activity.

Initially, we summed the lower and higher bounds of
each response category and divided by two to obtain the
average days of moderate physical activity per week. This
resulted in the following categories: none or less than 1 day
per week as 0, 2 to 3 days per week as 2.5, 4 to 5 days per
week as 4.5, and 6 to 7 days per week as 6.5. Similarly,
the average duration of each session was categorized as fol-
lows: none or less than 15 min as 0, 16 to 19 min as 17.5,
20 to 29 min as 24.5, 30 to 39 min as 34.5, and 40 min or
more as 40. The same procedures were applied to strenuous
physical activity.

Then, the total amount of time spent in moderate or vig-
orous physical activity per week was calculated as a product
of weekly frequency and duration for each physical activity.
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Finally, participants who reported greater than 75 min of
vigorous activity per week or 150 min of moderate activ-
ity per week were classified as meeting the recommended
physical activity guidelines for health [49]. Those not meet-
ing these criteria were classified as not fulfilling the recom-
mended physical activity per week.

We used a direct acyclic graph (DAG) to identify poten-
tial confounding variables. The dietary habits of individu-
als can vary based on demographic and behavioural factors,
including age, sex, family history of cancer, educational
background, occupation, physical activity level, and smok-
ing habits. Additionally, the presence of colon-related health
issues, liver problems, and colorectal polyps may prompt
modifications in dietary choices. These factors, along with
demographic [50, 51] and behavioural characteristics [52],
as well as colon comorbidity, liver problems [53], and
colorectal polyps [54], showed associations with CRC and
are considered confounders in our analysis.

Three models were built from the DAG (Supplementary
Figs. 1-3). The first model (Model 1) was adjusted for age,
sex, marital status, family history of any other cancer, fam-
ily history of CRC, educational status, occupation, physical
activity, colon comorbidity, liver problems, diverticulitis,
colorectal polys, physical activity and smoking (Supple-
mentary Fig. 1). The second model additionally adjusted for
diabetes, hypertension, and BMI (Model 2) (Supplementary
Fig. 2). The third model included adjustment for Aspirin
use (Model 3) (Supplementary Fig. 3) and, the last model
was additionally adjusted for total energy intake (Model
4). Since diabetes, hypertension, and overweight/obesity
were assessed at the time of dietary data collection, we used
model-based approaches where we assumed these condi-
tions as mediators (Model 1) and confounders (Model 2, 3
and 4) in separate models. Dietary intake is recognized as
a risk factor for conditions such as diabetes [55], hyperten-
sion [56], and overweight/obesity [57]. Consequently, these
health conditions also pose a risk for CRC [58—60]. The
presence of diabetes, hypertension, and overweight/obesity
may lead to adjustments in dietary habits and can be con-
sidered as confounding variables. In addition, it has been
documented that the use of aspirin is associated with an
increased risk of CRC. However, the relationship between
dietary patterns and aspirin uses, or vice versa, is not estab-
lished. Consequently, aspirin use is considered a covariate
in our analysis.

Dietary pattern analysis

To determine the dietary patterns (DP) in relation to CRC,
RRR was used. RRR is specifically designed to derive
dietary patterns that maximize the variation explained by
selected response variables, based on an a priori hypothesis

that these variables are associated with the outcome of inter-
est [16].

In this analysis, the response variables used to identify
the RRR-based dietary patterns were selected intermedi-
ate response variables following evidence from the World
Health Organization (WHO) report on chronic disease pre-
vention, the World Cancer Research Fund/America Institute
for Cancer Research guidelines on diet and nutrition and
physical activity for cancer prevention and relevant litera-
ture [33, 61-64]. The chosen response variables included
fibre density (g/d) [62], folate density (g/d) [12], propor-
tion of energy derived from carbohydrates [63], unsaturated
fatty acids [33], and saturated fatty acids [61]. Fibre and
folate densities were determined by dividing the total daily
intake of fibre and folate from the diet (mg/day) by the total
daily energy intake (kJ/day) and then multiplying by 100.
The proportion of energy derived from total carbohydrates,
unsaturated fatty acids, and saturated fatty acids was calcu-
lated by dividing the energy intake from carbohydrates (kJ),
unsaturated fatty acids (kJ), and saturated fatty acids (kJ) by
the total energy intake and multiplying each result by 100.

Diets rich in simple carbohydrates and sugars have been
associated with an increased risk of CRC, possibly due to
their impact on insulin levels and inflammation [65]. In con-
trast, dietary fibre reduces the risk of CRC due to its poten-
tial to regulate blood sugar levels, promote regular bowel
movements, dilute carcinogens in the colon, and provide a
substrate for beneficial gut bacteria [66, 67].

Diets high in saturated fatty acids, which are commonly
found in red meat, full-fat dairy products, and certain oils,
have been associated with an increased risk of CRC in
several studies [31, 32]. The mechanism behind this asso-
ciation is thought to involve the promotion of inflammation
and the production of carcinogenic compounds during the
digestion of saturated fats [68]. On the contrary, unsaturated
fatty acids, especially the omega-3 fatty acids found in fatty
fish, flaxseeds, and walnuts, have been investigated for their
potential protective effect against CRC [33, 34]. Omega-3
fatty acids have anti-inflammatory properties and may help
suppress the growth of cancer cells [69, 70]. Folate is found
in foods like leafy greens, citrus fruits, and legumes, plays a
crucial role in DNA synthesis and repair. Some research has
suggested that adequate folate intake may reduce the risk of
CRC, especially in individuals with certain genetic variants
that affect folate metabolism [12].

In the RRR analyses, 29 food groups were used as pre-
dictors. To calculate the factor scores, the intake of these
food groups was standardized. Subsequently, five-factor
scores were generated, but only the first two-factor scores
were retained for further analysis. This decision was made
because each of the first two-factor scores accounted for
more than 10% of the variation in dietary intake observed

@ Springer



33 Page 6 of 15

European Journal of Nutrition (2025) 64:33

among the study population and interpretability of the
dietary patterns. An absolute value of factor loading > 0.2
was used to declare a significant contribution of a food
group to the dietary patterns and calculate factor scores [71].
The factor scores were categorized into tertiles, the first ter-
tile (lowest intake and the third tertile (highest intake). The
correlation between factor scores and intermediate response
variables was calculated and used to label the names of
dietary patterns.

Statistical analysis

Descriptive statistics were used to summarize the baseline
patient characteristics across the tertiles of each dietary pat-
tern. Mean (+SD), median (interquartile range, IQR), and
proportion were used to summarize the results. Survival
analysis was used to assess the association between RRR-
derived dietary patterns and CRC risk. Kaplan-Meier sur-
vival curve was used to compare the risk and mortality of
CRC. A Cox model was used to estimate the hazard ratios of
CRC risk associated with dietary patterns, in which age was
used as the time scale. In the analysis, tests for the linear
trend of association across tertiles of each factor score were
performed by incorporating the tertiles of dietary patterns as
continuous parameters in the models.

The follow-up time commenced for each participant
based on age at DHQ assessment. Follow-up ended accord-
ing to age at CRC diagnosis (event), and censored at loss to
follow-up, at death, or at end of follow-up.

Similarly, to assess the association of dietary patterns
with CRC mortality, competing risk survival regression
considering death due to other causes as competing risk was
used [72]. Individuals who had no event of interest during
the follow-up period were considered censored (assigned 0)
and the death of individuals from CRC was considered as
the event (assigned 1). Death due to causes other than CRC
was considered as a competing event (assigned 2).

To estimate the association between dietary patterns and
the anatomical site of cancer, the analysis was repeated for
colon cancer and rectal cancer separately. Finally, since the
number of CRC cases and mortality is relatively small com-
pared to the sample size, we combined the incidence and
mortality of cases together and labelled them as composite
outcomes, and re-ran the analyses [73].

Missing data

Overall, 25.4% (n=24,776) of the participants had missing
data on physical activity. As missing information on physi-
cal activity was determined to be missing at random, mul-
tiple imputation method based on chained equations was
used to impute missing values in covariates [74, 75]. We
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identified activity history as an auxillary variable to impute
physical activity level (correlation=0.4) [76]. We speci-
fied imputation models to impute values based on a logistic
regression model for physical activity. All other baseline
variables including CRC status were included in these mod-
els. We imputed 10 complete imputations [77]. The associa-
tions of dietary patterns and CRC incidence and mortality
were estimated in each imputed data set, and the 10 esti-
mates combined using Rubin’s rule [78]. All other covari-
ates were missing less than 1% data and were excluded from
the multiple imputation process [79].

Sensitivity analysis

Three sensitivity analyses were conducted to check the
robustness of the findings. First, the analysis was conducted
by removing those who developed CRC within one year
after dietary assessment to rule out potential reverse causa-
tion. Second, we excluded participants reporting excessive
alcohol consumption (30 g/day and 20 g/day for men and
women, respectively) as the amount of ethanol more than
these thresholds is a convincing cause of CRC. Finally, as
25.4% of the study participants had missing physical activ-
ity data, a complete case analysis was conducted to compare
the results with the findings reported using multiple imputa-
tions for physical activity data.

Dietary patterns, descriptive and complete case Cox pro-
portional hazard analyses were carried out using Stata ver-
sion 17 [80]. R with RStudio [81] was used for multiple
imputation using multiple imputation with chained equation
(mice) package [82] and competing risk survival regression
analysis using cmprsk package [83].

Results
Sociodemographic characteristics

A total of 97,561 individuals (47,313 males and 50,248
females) were included in the analyses, among whom 1,
044 CRC cases and 499 CRC mortalities were identified in
a median follow-up time of 9.4 (2.9) years, with a maxi-
mum follow-up of 11.9 years during a total of 7,248,447.5
person-years. The incidence and mortality rate of CRC dur-
ing the follow-up period was 14.4 (95% CI: 13.6, 15.3) and
33.9 (95% CI: 31.1, 37.0) per 100,000-person-years. The
median age of the study participants was 62 years (58.0,
66.0). Approximately 10.2% of the participants had a family
history of CRC, while around 55.9% had a family history of
other cancers. A third (32.5%) and 6.6% of the study partici-
pants had hypertension and diabetes, respectively (Table 1).
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Dietary patterns

Five dietary patterns were identified. Figure 2 provides the
factor loadings for the first two dietary patterns. Dietary pat-
tern I (DP1) was characterized by a higher intake of citrus
fruit, other fruit, non-wholegrain, wholegrain, sugar, and
dark green vegetables. Conversely, dietary pattern II (DP2)
was characterized by a higher intake of dietary fat oil and
solid, dark green vegetables, and other vegetables, and a
lower intake of sugar, beer, and liquor.

DPI1 reflected positive correlations with fibre density
(r=0.7), folate density (»=0.6), and percentage of carbo-
hydrate intake (»=0.8) and negative correlations with the
percentage of saturated fatty acid intake (#=-0.7) and unsat-
urated fatty acid intake (r=-0.8) (Fig. 3). Consequently, this
pattern was labelled as the “high carbohydrate/fibre, folate,
and low fatty acid pattern” and accounted for 50.7% and
67.5% of the variance in the intermediate response variables
and total food intake, respectively (Fig. 3).

In contrast, DP2 displayed positive correlations with
fibre density (»r=0.5), folate density (r=0.4), and unsatu-
rated fatty acid intake (»=0.5) (Fig. 3). It was labelled as
the “high fibre, and unsaturated fatty acid pattern.” DP2
explained 12.9% and 17.2% of the variance in the interme-
diate response variables and total food intake, respectively.

The first two dietary patterns combined explained 64%
and 84% of the total variance in the intermediate response
variables and dietary intake, respectively. On the other
hand, dietary pattern III (DP3), dietary pattern IV (DP4),
and dietary pattern V (DP5) contributed less than 10% of
the variance in the total food intake and were therefore
excluded from further analysis (Supplementary Tables 3-5).

Baseline dietary pattern characteristics

There were significant differences for sex, age group, mari-
tal status, occupation, smoking status, BMI and presence of
diabetes across tertiles of dietary patterns. However, there
was no difference in colon or liver comorbidity across ter-
tiles of both DP1 and DP2 (Supplementary Table 6).

In addition, there was a baseline difference in the daily
nutrient and energy intake among the study participants
across dietary patterns. Study participants in the highest
tertile of DP1 reported consuming higher fibre, folate and
carbohydrates, but lower protein, saturated fat, mono- and
polyunsaturated fatty acid, and alcohol at baseline. Study
participants in the highest tertile of DP2 consumed higher
fibre, discretionary fat, protein, mono and polyunsaturated
fatty acids, and folate. However, participants in the high-
est tertile of DP2 consumed lower carbohydrates and alco-
hol (Supplementary Table 7). Furthermore, Supplementary

Table 8 showed the daily serving size consumption of the 29
food groups by the study participants across DP1 and DP2.

Dietary patterns and CRC incidence

In comparison to the first tertile of DP2, those in the second
(HR=0.87;95%CI:0.74,1.01) and third (HR = 0.88; 95%CI:
0.76, 1.03) tertiles had lower CRC risk(P-trend=0.101).
DP1 had no association with the risk of CRC (highest ter-
tile: HR =1.00; 95% CI: 0.85, 1.18, P-trend=0.997).

When the analysis was stratified by anatomical site of
the tumour, comparing the highest tertiles to the first ter-
tiles, DP2 was associated with a reduced risk of colon can-
cer (HR=0.85; 95% CI: 0.72, 1.01, P-trend = 0.059) but not
with rectal cancer. DP1 had no association with both colon
and rectal cancers (Table 2). The Kaplan-Meier failure
curve comparing the risk of developing CRC across tertiles
of DP1 and DP2 is reported in in Supplementary Figs. 4 and
5.

Dietary patterns and CRC mortality

The median follow-up period was 16.9(11.9-19.9) years
and there were 499 mortalities attributed to CRC. Results
from the fully adjusted model showed that higher adher-
ence to neither DP2 (SHR=0.91; 95%CI: 0.72, 1.14,
P-trend=0.7356) nor DP1 (SHR=0.95; 95%CI: 0.75,
1.21, P-trend=0.2189) was associated with CRC mortality
(Table 3). The Kaplan-Meier survival curve comparing the
probability of surviving from CRC across tertiles of DP1
and DP2 is shown in Supplementary Figs. 6 and 7.

Sensitivity analysis

For CRC risk, similar results were found when the analysis
was conducted without excessive alcohol consumers, and
those who developed CRC within one year of dietary data
collection (Supplementary Tables 9 and 10). Using com-
plete case analysis, the association between dietary patterns
and CRC risk was also similar with the analysis from the
imputed data (Supplementary Table 11).

Discussion

Two dietary patterns were identified through the utilization
of RRR, focusing on the density of fibre and folate, as well
as the proportion of energy derived from carbohydrates,
saturated fatty acids, and unsaturated fatty acids. The high
fibre and unsaturated fatty acid pattern exhibited an inverse
association with the risk of CRC and colon cancer suggest-
ing a protective effect against CRC. Dietary patterns (D1)
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Table 1 Baseline characteristics of the study participants in the PLCO study (N=97,561)

Variables n Percentage *
Median (IQR) age at baseline 62 (58, 66)
Female 50,248 51.5
Race
White, Non-Hispanic 88,851 91.1
Black, Non-Hispanic 3,156 32
Hispanic 1,426 1.5
Asian 3,479 3.6
Pacific Islander 453 0.5
American Indian 196 0.2
Educational status
<8 Years 593 0.6
8-11 Years 5,181 5.3
12 years or completed high school 22,724 23.3
Post high school training other than college 12,621 12.9
Some college 20,984 21.5
College graduate 17,182 17.6
Postgraduate 18,276 18.7
Marital status
Married or living as married 76,593 78.5
Widowed 7,859 8.1
Divorced 9,287 9.5
Separated 750 0.8
Never married 3,072 32
Occupational status
Homemaker 11,482 11.8
Working 39,244 40.2
Unemployed 837 0.9
Retired 42,027 431
Extended sick leave 141 0.1
Disabled 1,619 1.7
Other 2,211 2.3
Smoking status
Never smoked cigarettes 46,674 47.8
Current cigarette smoker 8,975 9.2
Former cigarette smoker 41,912 43.0
Physical activity meets the requirements for health 25,685 26.3
Missing 24,776 25.4
Family history of CRC
No 85,198 87.3
Yes, immediate family member 9,987 10.2
Possibly- relative or cancer type not clear 2,376 2.4
Family history of any other cancer 54,486 55.9
BMI Baseline
0-18.5 652 0.7
18.5-25 32,873 33.7
25-30 41,614 42.7
30+ 22,422 23.0
Aspirin use 45,920 47.1
Colon Comorbidities” 1,299 1.3
Diabetes 6,509 6.7
Diverticulitis 6,525 6.7
Hypertension 31,759 325
Liver comorbidities® 3,487 3.6
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Table 1 (continued)

Variables

n Percentage *
Osteoporosis 4,932 5.1
Colorectal Polyps 6,439 6.6
# All values are percentages unless specified
# Ulcerative Colitis, Crohn’s Disease, Gardner’s Syndrome, or Familial Polyposis
@hepatitis or cirrhosis
Discretionary fat solid Sugar
Discretionary fat oil -~ Liquor ———
Meat — Beer -——
Poultry — Milk ———
Egg — Wine ——
Liquor -~ Non-whole grain —
Fish low in omega 3 -~ Meat —
Wine - White potatoes —
Franks Luncheon Meats - Poultry —
Cheese - Cheese —
Organ meat ] Yogurt —
Fish high in omega 3 ] citrus fruit —
Soy product - Other fruit —
Yogurt - Fish low in omega 3 —
Nuts and seed - Franks Luncheon Meats .
Beer —e Fish high in omega 3 L4
Tomatoes —e Egg ]
Orange vegetables —e Soy product hd
Other starchy vegetables —e Organ meat hd
Legumes —e Tomatoes —e
White potatoes —e Other starchy vegetables —e
Milk —e Orange vegetables —e
Other vegetables —e Legumes —e
Dark green vegetables —e Whole grain —e
Sugar —e Nuts and seed —e
citrus fruit —e Dark green vegetables —
Whole grain —e Other vegetables —
Other fruit —e Discretionary fat solid E———
Non-whole grain — Discretionary fat oil ———————
-0.5 0.0 0.5 -0.4 -0.2 0.0 0.2

Factor loading

Factor loading

Fig. 2 Factor loading of dietary patterns generated by RRR among study participants in PLCO study. A) dietary pattern [(DP1); B) dietary pattern

11 (DP2)

Fig. 3 Explained variation (%) in
response variables and correla-
tion between dietary patterns
and response variables using
RRR. A) correlation between
dietary patterns and response
variables; B) Explained variance
in the response variables by each
dietary patterns
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Table 2 Hazard ratio (95% CI) for risk of CRC by tertiles of DP1 and DP2 among study participants in PLCO study

Model DP1 DP2

T1 T2 T3 P-trend Tl T2 T3 P-trend

HR a (95% CI)

CRC
Model 1 Ref 1.01(0.87, 1.17) 0.98(0.84, 1.15) 0.809 Ref 0.88(0.76, 1.02) 0.91(0.78, 1.05) 0.200
Model 2 Ref 1.02(0.87, 1.18) 1.00(0.85, 1.17) 0.970 Ref 0.86(0.75, 1.00) 0.88(0.76, 1.03) 0.101
Model 3 Ref 1.02(0.87, 1.18) 1.00(0.85, 1.17) 0.994 Ref 0.86(0.75, 1.00) 0.88(0.76, 1.03) 0.101
Model 4 Ref 1.02(0.87, 1.19) 1.00(0.85, 1.18) 0.997 Ref 0.87(0.74, 1.01) 0.88(0.76, 1.03) 0.101
Colon
Model 1 Ref 1.04(0.88, 1.23) 1.01(0.85, 1.20) 0.885 Ref 0.86(0.73, 1.01) 0.89(0.75, 1.05) 0.150
Model 2 Ref 1.05(0.89, 1.24) 1.03(0.87, 1.23) 0.742 Ref 0.84(0.71, 0.99) 0.85(0.72, 1.01) 0.060
Model 3 Ref 1.05(0.89, 1.24) 1.03(0.87, 1.23) 0/714 Ref 0.84(0.71, 0.99) 0.85(0.72, 1.01) 0.060
Model 4 Ref 1.04(0.87, 1.24) 1.03(0.86, 1.22) 0.793 Ref 0.83(0.71, 0.98) 0.85(0.72, 1.01) 0.059
Rectum
Model 1 Ref 0.88(0.60, 1.27) 0.83(0.56, 1.23) 0.363 Ref 0.99(0.68, 1.43) 1.03(0.70, 1.51) 0.871
Model 2 Ref 0.89(0.61, 1.29) 0.85(0.57, 1.26) 0.415 Ref 1.00(0.69, 1.45) 1.06(0.72, 1.55) 0.770
Model 3 Ref 0.88(0.61, 1.29) 0.84(0.57, 1.25) 0.264 Ref 1.00(0.69, 1.45) 1.06(0.72, 1.55) 0.976
Model 4 Ref 0.93(0.63, 1.37) 0.88(0.58, 1.31) 0.402 Ref 1.03(0.70, 1.51) 1.06(0.73, 1.56) 0.686
Combined results (n=1239)
Model 1 Ref 0.95(0.83, 1.09) 0.90(0.78, 1.03) 0.135 Ref 0.89(0.78, 1.02) 0.90(0.78, 1.03) 0.133
Model 2 Ref 0.97(0.84, 1.11) 0.92(0.80, 1.07) 0.281 Ref 0.87(0.76, 0.99) 0.86(0.75, 0.99) 0.033
Model 3 Ref 0.97(0.84, 1.11) 0.92(0.80, 1.07) 0.289 Ref 0.87(0.76, 0.99) 0.86(0.75, 0.99) 0.033
Model 4 Ref 0.98(0.84, 1.13) 0.93(0.80, 1.08) 0.354 Ref 0.87(0.76, 1.00) 0.86(0.75, 0.99) 0.034

Acronyms: T1 =Firsttertile (lowest adherence); T2 = Second tertile; T3 =third tertile (highest adherence); DP1 = Dietary pattern 1; DP2 =dietary
pattern 2; CRC=colorectal cancer; PLCO =Prostate, Lung, Colorectal, and Ovarian; Ref=reference

Model 1: Adjusted for age, sex, race, marital status, educational status, occupational status, smoking status, family history of cancer other than
CRC, family history of CRC, colon comorbidities, diverticulitis, liver comorbidities, colorectal polyps, and physical activity

Model 2: Adjusted for variables in model 1 plus hypertension, diabetes, body mass index

Model 3: Adjusted for variables in model 2 plus aspirin use

Model 4: Adjusted for variables in model 3 plus total energy intake

Table 3 Sub-distribution hazard ratio (95%CI) for mortality of CRC by tertiles of DP1 and DP2 among study participants in PLCO study

Models DP1 DP2 P-trend
Tl T2 T3 P-trend T1 T2 T3
HR a (95% CI)
Model 1 Ref 0.90(0.72, 1.13) 0.92(0.73, 1.15) 0.377 Ref 0.98(0.79, 1.21) 0.93(0.74, 1.16) 0.5326
Model 2 Ref 0.92(0.73, 1.14) 0.94(0.75, 1.19) 0.1507 Ref 0.97(0.78, 1.20) 0.91((0.72, 1.14) 0.7285
Model 3 Ref 0.91(0.73, 1.14) 0.94(0.75, 1.19) 0.1626 Ref 0.97(0.78, 1.20) 0.91(0.72, 1.13) 0.7263
Model 4 Ref 0.93(0.73, 1.18) 0.95(0.75, 1.21) 0.2189 Ref 0.97(0.78, 1.21) 0.91(0.72, 1.14) 0.7356

Acronyms: T1 =First tertile (lowest adherence); T2 = Second tertile; T3 =third tertile (highest adherence); DP1 =Dietary pattern 1; DP2 =dietary

pattern 2; CRC=colorectal cancer; Ref=reference

Model 1: Adjusted for age, sex, race, marital status, educational status, occupational status, smoking status, family history of CRC, family his-
tory of cancer other than CRC, colon comorbidities, diverticulitis, liver comorbidities, colorectal polyps, and physical activity

Model 2: Adjusted for variables model 1 plus hypertension, diabetes and BMI

Model 3: Adjusted for variables in model 2 plus Aspirin use
Model 4: Adjusted for variables in model 3 plus total energy intake

which were high in fibre, folate, and carbohydrate, and low
saturated and unsaturated fatty acids showed no significant
risk association with CRC incidence. In addition, neither
dietary pattern displayed any risk associations with rectal
cancer as well as CRC mortality. A sensitivity analysis pro-
vided further validation for the robustness of the association
between the two dietary patterns and the risk of CRC. These

@ Springer

findings provide evidence that dietary intake characterized
by higher intake of dietary fat oil and solid, dark green veg-
etables, and other vegetables, and a lower intake of sugar,
beer, and liquor could potentially contribute to a lowered
incidence rate of CRC.
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Strengths and limitations

These analyses featured a larger sample size, longer fol-
low-up period, comprehensive dietary information, and the
inclusion of adjustments for multiple confounding variables.
However, it has also the following limitations. First, while
the DHQ is used to assess an individual’s typical dietary
intake, there is potential for social desirability or recall bias
in the types and amounts of food consumed. Second, dietary
intake was evaluated only once, with no consideration given
to potential changes in dietary patterns over time. Third, the
average age of the participants in our study corresponds to
late middle-age, and it is unclear whether the findings are
generalizable to younger adults. Considering the potential
impact of particular dietary patterns on the rising incidence
of young onset CRC, further research specifically targeting
this demographic is warranted to better understand the rela-
tionship between dietary pattern and CRC risk in younger
adults. Finally, RRR employs intermediate response vari-
ables to establish dietary patterns. Our analysis specifically
incorporates fibre, folate, and the percentage of energy from
fat and carbohydrates to investigate the correlation between
dietary intake and CRC. However, the potential impact of
food groups with alternative pathways influencing CRC risk
remains unexplored in our study and is an area for future
consideration in research.

Comparison with other studies

The association between RRR-derived dietary patterns and
CRC risk and mortality has been infrequently considered.
At the time of this analysis, we identified three studies on
RRR-derived dietary patterns and CRC [84—86]. None of
these studies were directly comparable to our findings due
to the difference of used intermediate response variables to
derive dietary patterns, reflecting broader challenges with
comparing findings. Willemsen et al. [84] examined dietary
fibre, vitamin D, fructose, and discretionary fats, and found
adherence to a high fibre and discretionary fats dietary pat-
tern reduced risk of colon cancer, while fructose pattern
showed no association with risk of colon cancer. This may
compliment our findings that the high fibre, and unsatu-
rated fatty acid dietary pattern reduced the risk of CRC and
colon cancer. Additionally, Cho et al. [85] and Fung et al.
[86] conducted two studies, using plasma C-reactive pro-
tein (CRP) and serum C-peptide concentrations as response
variables, respectively. Their results revealed a robust asso-
ciation between dietary patterns derived from both CRP
and C-peptide and CRC. The use of biomarkers of such as
CRP and C-peptide to derive dietary patterns as an interme-
diate response variable may better explain the association

between diet and CRC compared to utilizing macronutrients
as intermediate response variables [87].

In the current study, the high carbohydrate/fibre/folate,
and low fatty acid dietary pattern showed no association
with CRC risk. There is strong evidence about the protec-
tive effect of dietary fibre on CRC risk [11, 88] which is
why dietary guidelines including dietary guidelines for
Americans [30] and World Cancer Research Fund [89] rec-
ommend adequate intake of dietary fibre. In contrast, other
studies have shown higher consumption of non-fibre car-
bohydrates (refined sugar, foods with high glycaemic load
and index and simple carbohydrates) are associated with an
increased risk of CRC [90-93]. This suggests that increased
fibre consumption might offset the impact of simple carbo-
hydrates on CRC risk, or vice versa.

We also found a high-fibre and unsaturated fatty acid
dietary pattern was associated with lower risk of CRC and
colon cancer. This finding is supported by a systematic
review of observational studies, which concluded that high
dietary intake of docosahexaenoic acid, docosapentaenoic
acid, and eicosapentaenoic acid serve as protective fac-
tors against CRC [94]. In contrast to our results, another
systematic review investigating the relationship between
long-chain omega-3 (LCn3), alpha-linolenic acid (ALA),
omega-6, and total polyunsaturated fatty acid (PUFA) con-
sumption and cancer risk found that increasing LCn3 and
ALA had minimal to no impact on cancer risk, while total
PUFA intake might slightly elevate cancer risk [95]. This
review specifically included only randomized control trials
(RCTs) that compared higher versus lower levels of LCn3,
ALA, omega-6, and total PUFA through interventions
involving food, supplements, or advice to modify the intake
of these fatty acids for at least during the study duration. The
included RCTs often focussed on isolated nutrients or spe-
cific dietary components, which may not fully capture the
complexity of real-world dietary patterns [96, 97]. Nutri-
ents interact in a synergistic manner, and RCTs focusing on
single components with relatively short follow-up periods
might not represent the holistic nature of dietary influences
on health [98]. Thus, further studies will be needed using
the same intermediate response variables to confirm our
findings.

Potential mechanisms of dietary intake and CRC

The relationship between dietary intake and CRC is com-
plex and explained by the effect of dietary intake on various
biological processes, including inflammation, microbiota
composition, insulin resistance and oxidative stress [69].
Certain foods, such as processed foods, refined sugars,
trans fats, and red or processed meats, are known to induce
inflammation [99]. These foods can trigger an inflammatory
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response in the body, contributing to chronic inflammation
[100]. Conversely, a diet rich in anti-inflammatory foods
like fruits, vegetables, whole grains, fatty fish (abundant in
omega-3 fatty acids), nuts, seeds, and olive oil can mitigate
inflammation, reducing the risk of chronic diseases, includ-
ing CRC [70].

Complex carbohydrates, especially those from whole
grains, legumes, fruits, and vegetables, have been linked to
lower levels of inflammation and insulin resistance [101—
103]. Fibre, a type of complex carbohydrate, supports a
healthy gut microbiota, which is crucial for regulating the
immune system and inflammation [67, 104]. Diets with
high fruit and vegetable content, rich in fibre, stimulate the
production of butyrate, a short-chain fatty acid with anti-
inflammatory and anti-cancer properties [105]. Similarly,
antioxidant-rich foods, such as berries, leafy greens, fruits,
and vegetables, neutralize free radicals in the body, reducing
oxidative stress and the associated risk of CRC [106]. Free
radicals contribute to CRC risk through oxidative stress,
which is closely linked to inflammation [107].

The types and amounts of food a person consumes influ-
ence the growth and activities of various microbes in the
gut. Diets rich in fibre (found in fruits, vegetables, whole
grains, and legumes), promote the growth of beneficial bac-
teria in the gut [108]. The gut microbiome plays a crucial
role in reducing the risk of CRC by engaging with the nor-
mal gut barrier system, fostering the survival of epithelial
cells, and, notably, safeguarding the body against external
or opportunistic and harmful pathogens [109].

Diets rich in highly processed and refined carbohydrates,
such as sugary snacks, white bread, and sugary bever-
ages, can contribute to insulin resistance. Insulin resistance
increase the risk of cancer through activation of insulin like
growth factor 1 (IGF-1) [110]. On the other hand, consump-
tion of diets rich in salmon fish, almonds, walnuts, and flax-
seeds, turmeric, ginger, garlic, berries, citrus fruits, leafy
greens, and colourful vegetables may contribute less risk of
CRC [111]. These food items are rich in antioxidants such
as vitamins C and E, carotenoids and polyphenols [112],
which neutralize free radicals, thereby reducing oxidative
stress and the risk of CRC [113].

Conclusion

The findings of this study underline that diets rich in fibre,
folate, and unsaturated fatty acids intake may reduce the
risk of CRC. However, there is no observed association
between dietary patterns and CRC mortality. Our findings
align with existing recommendations regarding the benefits
of consuming food items rich in fibre and unsaturated fatty
acids to reduce the risk of CRC. These findings suggest

@ Springer

that adherence to dietary pattern characterized by higher
intake of dietary fat oil and solid, dark green vegetables,
and other vegetables, and a lower intake of sugar, beer, and
liquor could potentially reduce the risk of CRC occurrence.
The findings hold significance for public health, highlight-
ing the need to promote nutrition education and counsel-
ling, particularly for individuals at risk of developing CRC
due to unhealthy dietary habits. Policymakers and public
health initiatives can strengthen dietary recommendations
by promoting the consumption of foods rich in fibre and
unsaturated fats through awareness creation and increasing
the availability of such food options. Future studies incorpo-
rating repeated measurement of dietary intake, encompass-
ing diverse age groups, and using the same intermediate
response variables are needed to confirm these findings.
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