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Abstract

Background Lifestyle choices, such as dietary patterns and sleep duration, significantly impact the health
of the digestive system and may influence the risk of mortality from digestive system cancer.

Methods This study aimed to examine the associations between sleep duration, dietary habits, and mortality

from digestive system cancers. The analysis included 406,584 participants from the UK Biobank cohort (54.1% women;
age range: 38-73 years), with sleep duration classified as short (<6 h, 24.2%), normal (7-8 h, 68.4%), and long (=9 h,
7.4%). Healthy eating habits were defined as a daily intake of at least 25 g of fibre, seven portions of fruits and vegeta-
bles, and fewer than four servings of meat per week. These dietary factors were combined into a score ranging from 0
(least healthy) to 3 (healthiest). Cox proportional hazards regression analyses were conducted, with a median follow-
up period of 12.6 years, ending on September 30, 2021.

Results 3949 participants died from cancer of the digestive system. Both short and long sleep duration were associ-
ated with an increased risk of mortality from cancer of the digestive system (1.09 (1.01-1.18) and 1.14 (1.03-1.27),
respectively). Additionally, a diet score > 1 was linked to a lower cancer risk (0.72-0.91 (0.59-0.96)). Adjusting for smok-
ing, type 2 diabetes, and body mass index (BMI) status eliminated the association between sleep duration and diges-
tive cancer mortality. The association between healthy dietary patterns and the risk of digestive system cancer mortal-
ity did not vary by sleep duration.

Conclusions Aberrant sleep durations may increase the risk of mortality from digestive system cancer, potentially
through smoking, higher BMI, and type 2 diabetes. However, aberrant sleep durations do not seem to reduce the pro-
tective effects of a healthy dietary pattern.
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carcinoma [2]. Additionally, a study in a Spanish cohort
linked long sleep duration to an increased risk of having
gastric and colorectal cancers [6].

Several mechanisms may account for the link between
sleep duration and the risk of developing digestive sys-
tem cancer. For instance, several nights of short sleep
in healthy young men led to changes in the gut micro-
biota, an imbalance that has been implicated in tumo-
rigenesis [7]. Animal research has furthermore shown
that intermittent sleep deprivation in rats compromises
gastric mucosal integrity, as evidenced by gastric lesions
and increased gastric acidity [8]. Various gastrointestinal
functions—such as gastric enzyme and fluid production,
nutrient absorption in the small intestine, and gastroin-
testinal motility—regulate the digestive system’s exposure
to carcinogens and follow a distinct circadian rhythm (i.e.
a roughly 24-h cycle) [9]. Given the strong connection
between sleep and circadian rhythms [10], these func-
tions may be particularly vulnerable to disruption from
aberrant sleep duration.

The amount of consumed fibre, fruits, vegetables,
and processed foods (such as meat products) may also
impact the risk of digestive system cancer. For example,
a higher dietary fibre intake has been associated with a
lower risk of developing colorectal cancer [11]. Further-
more, increased consumption of fruits and vegetables has
shown protective effects against various digestive system
cancers, such as oesophageal cancer [12]. In contrast,
higher consumption of meat products has been linked to
an increased risk of certain cancers, such as gastric can-
cer [13].

In parallel with these epidemiological findings, it is cru-
cial to consider how dietary factors also impact digestive
health. As foods transit through the digestive tract, vari-
ous factors related to their processing can significantly
impact overall digestive health. Key aspects include the
level of food processing (e.g. fried vs. raw), as well as
additives and the macro- and micronutrient composi-
tion of foods. These factors influence not only digestion
and nutrient absorption but also the risk of developing or
dying from cancers of the digestive system. For instance,
as demonstrated in animal models, diets characterised
by high-fat content or enriched with food additives—
such as colourants, artificial sweeteners, emulsifiers, and
nanoparticles—can compromise gut health. These effects
may manifest through altered mucus layer production,
shifts in the gut microbial landscape from beneficial to
pathogenic species, and increased inflammation [14].
Conversely, a high intake of fibre, fruits, and vegetables
has been proposed to promote digestive system health.
Fibre stimulates the production of short-chain fatty acids,
which may have positive effects on gut immunity and
increase the abundance of health-promoting species in
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the gut microbiome [15], as well as contribute to main-
tain gut barrier integrity [16]. Additionally, fruits and
vegetables are rich sources of bioactive compounds like
polyphenols. These compounds are thought to enhance
gut health by modulating the composition and activity of
the colonic microbial population [17].

Whether the protection against cancers of the diges-
tive system conferred by healthy eating habits is less pro-
nounced among individuals with habitual short or long
sleep duration remains unclear. Therefore, in this study,
we utilized data from over 400,000 participants in the
UK Biobank to examine whether the association between
healthy dietary patterns—characterized by a high intake
of fibre, fruits, and vegetables, alongside low meat con-
sumption—and a reduced risk of mortality from diges-
tive system cancers is diminished or absent in individuals
with habitual short or long sleep durations.

Methods

Study population and ethics

The present study is a component of the UK Biobank
project #80,513. The UK Biobank is a multicentre pro-
spective cohort study that enrolled over 500,000 partici-
pants. Recruitment occurred from 2006 to 2010 across
22 assessment centres throughout Great Britain. Baseline
data, which included dietary and lifestyle information
along with anthropometric measurements, were col-
lected using self-administered questionnaires, computer-
assisted interviews, and direct physical measurements.
Participants also consented to the linkage of their medi-
cal records [18]. Data from 406,584 participants 38 to
73 years of age were used in the present analysis (54.1%
women). We employed multiple criteria to define our
final cohort, such as withdrawal from the biobank, any
cancer at baseline, and missing data for sleep duration,
diet components, or covariates, as outlined in Additional
file 1: Fig. S1. The UK Biobank study received approval
from the North West Multi-centre Research Ethics Com-
mittee (ref 11/N'W/0382), and all participants provided
written informed consent.

Assessment of sleep duration

As described in previous studies [19-21], habitual sleep
duration was assessed based on responses to the question
“About how many hours sleep do you get in every 24 h?
(please include naps)” from an electronic questionnaire
completed during the baseline visit. This question did
not specify a particular time frame, and participants were
able to indicate their habitual sleep duration in full-hour
increments. Participants with a daily sleep duration of
7-8 h were categorised as having normal sleep duration.
Short sleep duration was defined as<6 h per day, while
long sleep duration was defined as>9 h per day. In line
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with previous research [22], participants with habitual
daily sleep durations of less than 3 h or more than 15 h
were excluded from the main analysis (Additional file 1:
Fig. S1).

Dietary assessment

Daily fibre intake was evaluated based on participant
responses to an electronic questionnaire regarding their
consumption of fruits, vegetables, cereals, and bread,
with a detailed categorization of bread and cereal types,
following the methodology outlined in a previous study
using the UK Biobank [23]. Consistent with recommen-
dations [24], a minimum intake of 25 g of fibre per day
was considered optimal. Consequently, participants were
divided into two groups: those whose intake fell below
this threshold (hereafter referred to as “low fibre intake”)
and those who met or exceeded it (referred to as “high
fibre intake”).

Building upon previous findings indicating a correla-
tion between consuming 7 or more portions of fruits
and vegetables daily and reduced cancer mortality [25],
individuals consuming fewer than seven pieces of fruits
and/or tablespoons of vegetables per day were classified
as having a “low intake,” while those consuming seven or
more portions were categorized as having a “high intake’

Additionally, adhering to the recommendation by the
World Cancer Research Fund International [26], which
advises limiting red and processed meat consumption to
approximately three portions per week, participants were
segmented into two groups: those with low weekly meat
intake (i.e. consuming<3 servings per week) and those
with high weekly meat intake (> 3 servings per week).

Finally, a healthy diet score was constructed based on
participants’ adherence to the aforementioned dietary
guidelines. Each compliance with a guideline scored one
point, with the total healthy diet score ranging from 0
(least healthy) to 3 (most healthy), reflecting the accumu-
lation of healthy eating habits.

Digestive system cancer death

The date of death was obtained from death certificates
through data linkage with national datasets from the)
Information Centre (England and Wales) and the NHS
Central Register Scotland (Scotland). The International
Classification of Diseases, 10th Revision (ICD-10) codes
beginning with “C15” to “C26” were employed to identify
participants whose primary cause of death was diges-
tive system cancer. The censoring date was 30 Septem-
ber 2021. Participants were followed up from the date of
attendance at the recruitment centre (2006—2010) to the
date of death or censorship, whichever occurred first. To
address reverse causality, death by any cancer events dur-
ing the first 2 years of follow-up were excluded, resulting
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in 3 949 deaths due to digestive system cancer during a
median follow-up duration of 12.6 years.

Statistical analyses

All statistical analyses were performed using R v4.4.1 and
SPSS version 28.0.1.0 (IBM; SPSS Inc). We employed Cox
proportional hazard regression analysis to calculate haz-
ard ratios (HRs) and their 95% confidence interval (CI).
Two main Cox regression models were used, selectively
incorporating a minimum set of confounding variables
to mitigate potential confounding effects and maintain
model parsimony. In Model A, a single exposure of inter-
est was considered, which could be either sleep duration
or the healthy diet score. Model B incorporated a broader
set of variables, including sleep duration, the healthy
diet score, age, biological sex (female or male), ethnicity
(African or Caribbean, Asian, White, or others), educa-
tional level (university degree, no qualification, any other
qualification), assessment centre region (England, Wales,
or Scotland), socioeconomic status (evaluated using the
Townsend index), and frequency of alcohol consumption
(non-drinker, less than three times per week, three or
more times per week).

We extended Model B by including variables that
may lie along the causal pathway from sleep dura-
tion and diet to cancer mortality. This included smok-
ing [27-31], where both smoking status (never, former,
or current) and pack-years (number of packs per day
* number of years smoking) were considered (Model
B+ Smoking). In a separate analysis, participants’ body
mass index (BMI) was added to the regression (Model
B+BMI status), given its links with cancer mortality,
diet, and sleep [32, 33]. BMI was classified according to
World Health Organization guidelines: normal weight
(BMI>18.5 and <25.0), underweight (BMI<18.5), over-
weight (BMI>25.0 and < 30), obesity class I (BMI>30.0
and < 35.0), obesity class II (BMI>35.0 and <40.0), and
obesity class III (BMI>40). Finally, considering the link
between type 2 diabetes (T2D) and increased cancer risk
[34], as well as its association with sleep and diet [35-37],
a third extended Model B was computed to include T2D
incidence before or up to the end of the observational
period (Model B+ T2D). Details on exposures, outcomes,
and covariate data sources within the UK Biobank are
provided in Additional file 1: Table S1.

To determine whether the association between healthy
eating habits and a lower risk of dying from digestive
system cancers might be weaker or absent in individuals
with habitual short or long sleep duration, we assessed
both multiplicative and additive interactions. For mul-
tiplicative interactions, we incorporated terms between
sleep duration (three levels) and healthy diet score (four
levels) or eating habits (two levels) into Model B. For
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additive interactions, we calculated the relative excess
risk due to interaction (RERI), using the interactionR
package version 0.1.7 in R [38]. Sleep duration was cat-
egorized as recommended (7-8 h) or outside the recom-
mended range. The healthy diet score was categorized
as unhealthy (scores 0 or 1) or healthy (scores 2 and 3),
and eating habits were classified as low or high. We then
separately evaluated the joint effects of sleep duration
and the healthy diet score, as well as each eating habit.
In this analysis, binary variables used for the additive
interactions were combined, and the reference group
was defined as those with sleep duration outside the
recommended range and an unhealthy dietary pattern.
Given the significance of sex and age as key factors and
potential modifiers in epidemiological research, we also
assessed multiplicative interactions between sleep dura-
tion, healthy diet score, and individual diet components
with both sex and age. Additionally, we examined three-
way interactions involving sleep duration, healthy diet
score or individual diet components, and either sex or
age to explore more complex modifying effects.

Four sensitivity analyses were conducted. The first
analysis addressed other-cause death as a competing risk
for digestive system cancer-specific mortality, employing
Fine-Gray subdistribution hazards calculated with the
“ecmprsk” package version 2.2-12 in R [39]. The second
analysis incorporated weekly physical activity levels—
categorized as low, moderate, and high according to the
International Physical Activity Questionnaire [40]— into
Model B. This inclusion was based on previous evidence
suggesting that elevated levels of regular physical activity
can reduce cancer mortality [41]. To prevent the loss of
data for an additional 67,418 participants, missing physi-
cal activity data were imputed using the “mice” pack-
age version 3.16 in R [42]. We employed proportional
odds logistic regression for the imputation and gener-
ated five imputed datasets. Cox regression models were
then fitted for each dataset, and the results were pooled
to obtain combined estimates and standard errors. The
potential influence of the imputation process was evalu-
ated by integrating a dummy variable into the model to
mark imputed data. In the third sensitivity analysis, par-
ticipants with a baseline history of the following major
non-communicable diseases were excluded prior to
analysis: coronary heart disease (120-125), stroke (160—
164), heart failure (I50), chronic obstructive pulmonary
disease or asthma exacerbations (J41-J46), and any form
of diabetes (E10-E14, O24). To further investigate the
potential impact of variations in preferred sleep timing,
we conducted a fourth sensitivity analysis incorporating
self-reported chronotype (“definitely a morning person,’
“more of a morning than an evening person,” “more of an
evening than a morning person,” or “definitely an evening
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person”) into Model B. To avoid the additional exclusion
of 40,255 participants, missing chronotype data were
imputed using the same method applied to the physical
activity data.

Proportional hazard assumptions were verified by
assessing Kaplan—Meier survival curves. Interactions and
main effects were deemed significant if the p-value was
less than 0.05.

Results

Cohort characteristics

The cohort accrued 5,037,480 years at risk during the
follow-up (median follow-up: 12.6 years), with 3949 indi-
viduals succumbing to digestive system cancer. Addi-
tional File: Table S2 presents the data on deaths caused
by digestive system cancer subtypes, categorized by daily
sleep duration and healthy diet score.

A total of 68.4% of participants reported a habitual
daily sleep duration of 7-8 h, while 24.2% slept 6 h or
less, and 7.4% reported sleeping at least 9 h. Fifteen per
cent of participants had a diet score of 0 (the lowest
score), 42% scored 1, 39.4% scored 2, and 3.6% achieved
a score of 3 (the healthiest category). Further details on
cohort characteristics, categorized by healthy diet score
are presented in Table 1. Cohort characteristics catego-
rized by sleep duration are presented in Additional file 1:
Table S3.

Sleep duration and digestive system cancer mortality
Compared with individuals reporting 7—8 h of daily sleep
(reference), both shorter and longer sleep durations were
associated with an increased risk of mortality from diges-
tive system cancers (Model B: HRs, 1.09 (95% CI, 1.01-
1.18), p=0.020 for short sleep; 1.14 (95% CI, 1.03-1.27),
p=0.015 for long sleep; see Fig. 1, including Model A
estimates). Kaplan—Meier curves for the sleep duration
groups are depicted in Fig. 2.

The association between sleep duration and digestive
system cancer mortality did not reach significance when
Model B was additionally adjusted for smoking (HRs,
1.07 (95% CI, 0.99-1.15), p=0.085 for short sleep; 1.11
(95% CI, 1.00-1.24), p=0.060 for long sleep; see Fig. 3),
BMI status (HRs, 1.07 (95% CI, 0.99-1.15), p=0.072 for
short sleep; 1.11 (95% CI, 1.00-1.24), p=0.058 for long
sleep; see Fig. 3), or T2D diagnosis (HRs, 1.07 (95% CI,
1.00-1.16), p=0.059 for short sleep; 1.09 (95% CI, 0.98—
1.21), p=0.120 for long sleep; see Fig. 3).

Healthy diet score and digestive system cancer mortality

Higher healthy diet scores were associated with a reduced
risk of digestive system cancer mortality compared with
individuals with a healthy diet score of 0 (Model B HRs,
0.87 (95% CI, 0.80-0.95), p=0.002 for score 1; 0.79 (95%
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Table 1 Cohort baseline characteristics categorized by healthy diet score
Characteristic Healthy diet score Total
0 1 2 3
Participants 61,099 (15.0) 170,565 (42.0) 160,233 (39.4) 14,687 (3.6) 406,584
Age, years 55.46+8.25 55.88+8.17 56.82+7.91 572+78 56.23+8.09
Townsend index —1.24+3.16 —14+3.03 —1.51+295 -1.13£3.13 —-141£3.02
Daily sleep duration
Normal 41,089 (67.2) 116,488 (68.3) 110,902 (69.2) 9720 (66.2) 278,199 (68.4)
Short 15,221 (24.9) 41,128 (24.1) 38,166 (23.8) 3866 (26.3) 98,381 (24.2)
Long 4789 (7.8) 12,949 (7.6) 11,165 (7.0) 1101 (7.5) 30,004 (7.4)
Ethnicity
White 58,992 (96.6) 163,523 (95.9) 151,685 (94.7) 13,403 (91.3) 387,603 (95.3)
Asian 754 (1.2) 3090 (1.8) 4201 (2.6) 653 (4.4) 8698 (2.1)
Caribbean or African 916 (1.5) 2538(1.5) 2514(1.6) 283(1.9) 6251 (1.5)
Others 437(0.7) 1414(0.8) 1833 (1.1) 348 (2.4) 4032 (1.0)
Educational level
No qualification 10,848 (17.8) 28,284 (16.6) 23,682 (14.8) 2400 (16.3) 65,214 (16.0)
Any other qualification 32,101 (52.5) 87,851 (51.5) 78,745 (49.1) 6546 (44.6) 205,243 (50.5)
University degree 18,150 (29.7) 54,430 (31.9) 57,806 (36.1) 5741 (39.1) 136,127 (33.5)
Region of the assessment centre
England 52,939 (86.6) 150,839 (88.4) 143,619 (89.6) 13,205 (89.9) 360,602 (88.7)
Scotland 2179 (3.6) 6987 (4.1) 6839 (4.3) 580 (3.9) 16,585 (4.1)
Wales 5981 (9.8) 12,739 (7.5) 9775 (6.1) 902 (6.1) 29,397 (7.2)
Alcohol consumption
Not current 3612 (5.9) 12,044 (7.1) 12,743 (8.0) 1907 (13.0) 30,306 (7.5)
< 3 times per week 26,481 (43.3) 82,100 (48.1) 80,472 (50.2) 7629 (51.9) 196,682 (48.4)
> 3 times per week 31,006 (50.7) 76,421 (44.8) 67,018 (41.8) 5151 (35.1) 179,596 (44.2)
Pack-years @ 27.63+£21.04 2344+1838 19.89£16.25 203+16.75 22.83+1834
Smoking status
Never 31,128 (50.9) 94,263 (55.3) 91,910 (57.4) 8280 (56.4) 225,581 (55.5)
Previous 20,196 (33.1) 57,599 (33.8) 56,956 (35.5) 5502 (37.5) 140,253 (34.5)
Current 9775 (16.0) 18,703 (11.0) 11,367 (7.1) 905 (6.2) 40,750 (10.0)
Type 2 diabetes 5984 (9.8) 14,423 (8.5) 11,638 (7.3) 1302 (8.9) 33,347 (8.2)
BMI status
Normal weight 16,708 (27.3) 53,457 (31.3) 58,151 (36.3) 5616 (38.2) 133,932 (329)
Underweight 285 (0.5) 816 (0.5) 811 (0.5) 126 (0.9) 2038 (0.5)
Overweight 27,105 (44.4) 73,631 (43.2) 66,661 (41.6) 5945 (40.5) 173,342 (42.6)
Obesity class | 12,331 (20.2) 30,592 (17.9) 25,007 (15.6) 2145 (14.6) 70,075 (17.2)
Obesity class Il 3371 (5.5) 8706 (5.1) 6943 (4.3) 602 (4.1) 19,622 (4.8)
Obesity class Il 1299 (2.1) 3363 (2.0) 2660 (1.7) 253(1.7) 7575(1.9)
Physical activity
Low 09 (19.8) 29,578(17.3) 19,882 (12.4) 1324 (9.0) 62,893 (15.5)
Moderate 21,216 (34.7) 58,768 (34.5) 54,326 (33.9) 4130 (28.1) 138,440 (34.0)
High 17,431 (28.6) 52,481 (30.8) 60,666 (37.9) 7255 (49.4) 137,833 (33.9)
Missing 10,343 (16.9) 29,738(17.4) 25,359 (15.8) 1978 (13.5) 67 418 (16.6)

Data are mean+SD or n (%)

@ Pack-years=Number of packs per day multiplied by the number of years smoking
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Fig. 1 Association of daily sleep duration and healthy diet score with digestive system cancer mortality. Model A (unadjusted) hazard ratios (HR)
(95% Cl) illustrating the relationship of daily sleep duration (A) and the healthy diet score (B) with digestive system cancer mortality. Model B
(adjusted) HR (95% Cl) depicting the relationship of daily sleep duration (C) and the healthy diet score (D) with digestive system cancer mortality.
Model B consisted of variables daily sleep duration, healthy diet score, sex, age, Townsend index, region of assessment centre, ethnicity, educational

level, and alcohol consumption frequency
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Fig. 2 Unadjusted Kaplan—Meier curves showing the relationship of daily sleep duration (A) and the healthy diet score (B) with digestive system

cancer mortality

ClI, 0.72-0.87), p<0.001 for score 2; 0.70 (95% CI, 0.58—
0.85), p<0.001 for score 3; see Fig. 1, including Model
A estimates). Figure 2 shows Kaplan—Meier curves by
healthy diet score.

Consistent results were observed when further
adjusting for smoking (HRs, 0.91 (95% CI, 0.84—
1.00), p=0.041 for score 1; 0.85 (95% CI, 0.78-0.94),

p<0.001 for score 2; 0.76 (95% CI, 0.63-0.92),
p=0.006 for score 3; see Fig. 3), BMI status (HRs, 0.88

(95% CI, 0.80-0.96), p=0.004 for score 1; 0.81 (95%
CI, 0.74-0.89), p<0.001 for score 2; 0.72 (95% CI,
0.60-0.87), p<0.001 for score 3; see Fig. 3), or T2D
diagnosis (HRs, 0.88 (95% CI, 0.81-0.96), p =0.004 for
score 1; 0.81 (95% CI, 0.74-0.89), p<0.001 for score
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Fig. 3 Influence of smoking, weight status and type 2 diabetes on the association of sleep duration and diet with digestive system cancer
mortality. Adjusted hazard ratios (HR) (95% Cl) depicting the influence of smoking on the relationship of daily sleep duration (A) and the healthy
diet score (D) with digestive system cancer mortality. Adjusted HR (95% Cl) illustrating the influence of weight status on the relationship of daily
sleep duration (B) and the healthy diet score (E) with the risk of dying from digestive system cancer. Adjusted HR (95% Cl) showing the influence
of T2D on the association of daily sleep duration (C) and the healthy diet score (F) with the risk of succumbing to digestive system cancer. Model
B consisted of variables daily sleep duration, healthy diet score, sex, age, Townsend index, region of assessment centre, ethnicity, educational level,

and alcohol consumption frequency

2; 0.72 (95% CI, 0.59-0.87), p<0.001 for score 3; see
Fig. 3). Additional file 1: Table S4 presents the HRs for
each dietary habit. Notably, a high daily intake of fruits
and vegetables, along with low weekly meat consump-
tion, was significantly associated with a lower risk of
dying from digestive system cancers (P<0.032). In
contrast, no significant protection was observed for a
high intake of fibre (P >0.098).

Interaction analyses and joint effects between sleep
duration and diet

None of the multiplicative interaction terms between
sleep duration and healthy diet score or individual eating

habits reached statistical significance. Specifically, p-val-
ues were 0.599 for sleep duration * healthy diet score;
0.334 for sleep duration * fruits and vegetables intake;
0.063 for sleep duration * meat intake; and 0.820 for sleep
duration * fibre intake. Two- and three-way interaction
terms between sleep duration, healthy diet score, or diet
components and sex or age were not statistically signifi-
cant (P>0.091; detailed values are provided in Additional
file 1: Table S5). Additionally, interaction terms between
sleep duration and the healthy diet score, or individual
eating habits, remained non-significant in subgroup
analyses stratified by age (<65 years: P>0.188;> 65 years:
P>0.232) and sex (men: P>0.113; women: P>0.233).
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Different sexes and age groups estimates (<65 years
and > 65 years) are shown in Additional file 1: Fig. S2.

In the next step, additive interactions were tested in
the full cohort. The RERIs were 0.06 (95% CI,—0.09 to
0.21) for sleep duration+healthy diet score; 0.06 (95%
CI, —0.09 to 0.21) for sleep duration+ fruit and vegeta-
ble intake; —0.02 (95% CI,—0.18 to 0.14) for sleep dura-
tion + meat intake; and — 0.03 (95% CI,—0.39 to 0.32) for
sleep duration+fibre intake. Table 2 displays the joint
effects of sleep duration and diet on digestive system can-
cer mortality.

Sensitivity analyses

The Fine-Gray proportional hazards regression analysis,
which accounted for other causes of death as a compet-
ing risk, largely supported our main findings about the
relationship of sleep duration and diet with the risk of
dying from digestive system cancer (HRs, 1.09 (95% CI,
1.01-1.17), p=0.029 for short sleep; 1.12 (95% CI, 1.01-
1.25), p=0.039 for long sleep; 0.88 (95% CI, 0.80-0.96),
p=0.004 for healthy diet score 1; 0.80 (95% CI, 0.73—
0.88), p<0.001 for score 2; and 0.71 (95% CI, 0.59-0.86),
»<0.001 for score 3).

When physical activity levels were incorporated into
Model B, the primary results were corroborated. Short and
long sleep durations were associated with an increased risk
of succumbing to digestive system cancer (HR, 1.09 (95%
CI, 1.01-1.17), p=0.024 for short sleep; HR, 1.14 (95% CI,
1.02-1.26), p=0.021 for long sleep), while adherence to
a healthy dietary pattern continued to show a protective
effect (HRs, 0.88 (95% CI, 0.80-0.96), p=0.003 for score
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1; 0.81 (95% CI, 0.74—0.89), p<0.001 for score 2; and 0.72
(95% CI, 0.60-0.88), p <0.001 for score 3).

In the third sensitivity analysis, which excluded partici-
pants with a baseline history of major non-communicable
diseases, habitual long sleep duration (but not short sleep
duration) remained associated with an increased risk of
mortality from digestive system cancer (HR, 1.04 (95%
CI, 0.95-1.13), p=0.425 for short sleep; HR, 1.17 (95% CI,
1.03-1.34), p=0.019 for long sleep). Similar to the find-
ings in the main analysis, diet scores greater than 0 were
associated with a reduced risk of mortality from digestive
system cancers (HRs, 0.85 (95% CI, 0.76-0.94), p=0.003
for score 1; 0.81 (95% CI, 0.72—-0.90), p <0.001 for score 2;
and 0.69 (95% CI, 0.55-0.87), p=0.002 for score 3).

Finally, the primary results were confirmed after incor-
porating self-reported chronotype into Model B. Short
and long sleep durations remained associated with an
increased risk of mortality from digestive system cancer
(HR, 1.08 (95% CI, 1.01-1.17), p=0.038 for short sleep;
HR, 1.12 (95% CI, 1.01-1.25), p=0.049 for long sleep).
Additionally, adherence to a healthy dietary pattern
continued to exhibit a protective effect (HRs, 0.86 (95%
CI, 0.78-0.94), p=0.001 for score 1; 0.78 (95% CI, 0.71-
0.86), p<0.001 for score 2; and 0.69 (95% CI, 0.57-0.84),
p<0.001 for score 3).

Discussion

Using data from a large cohort, the present study found
that a healthy dietary pattern—characterised by a high
intake of fibre (>25 g per day), fruits, and vegetables
(>7 portions per day), and low meat consumption (<3

Table 2 Joint effects of sleep duration and diet on digestive cancer mortality

Joint analysis Stratified analysis

Sleep duration Diet N HR (95% Cl) P-value HR (95% Cl) P-value

Recommended Healthy diet 120,622 0.78 (0.71-0.86) <0.001 0.86 (0.77-0.97) <0.001
Unhealthy diet 157,577 0.89 (0.82-0.97) 0.007 Ref

Outside recommended range Healthy diet 54,298 0.84 (0.76-0.94) 0.003 0.87 (0.80-0.94) <0.001
Unhealthy diet 74,087 Ref Ref

Recommended Fruits and vegetables: high intake 161,158 0.79 (0.72-0.87) <0.001 0.88 (0.79-0.98) 0.002
Fruits and vegetables: low intake 117,041 0.88 (0.80-0.98) 0.015 Ref

Outside recommended range Fruits and vegetables: high intake 73,374 0.86 (0.77-0.95) 0.005 0.88 (0.82-0.96) 0.002
Fruits and vegetables: low intake 55,011 Ref Ref

Recommended Meat: low intake 193,513 0.81 (0.73-0.90) <0.001 0.92 (0.83-1.03) 0.163
Meat: high intake 84,686 0.92 (0.83-1.03) 0.134 Ref

Outside recommended range Meat: low intake 87,576 0.90 (0.81-1.01) 0.072 0.87 (0.80-0.95) 0.001
Meat: high intake 40,809 Ref Ref

Recommended Fibre: high intake 12,781 0.74 (0.60-0.90) 0.002 0.85 (0.67-1.09) 0.207
Fibre: low intake 265418 0.91 (0.85-0.97) 0.004 Ref

Outside recommended range Fibre: high intake 6690 0.86 (0.67-1.10) 0.220 0.82 (0.67-0.99) 0.041
Fibre: low intake 121,695 Ref Ref
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servings per week)—was associated with a lower risk
of dying from digestive system cancer over a follow-up
period of approximately 13 years. Conversely, daily sleep
duration below or above 7 to 8 h was associated with
an increased risk. Public health strategies that promote
sleeping 7 to 8 h per day and adhering to diets rich in
fibre, fruits, and vegetables while low in meat may there-
fore be effective in reducing the risk of dying from diges-
tive cancers.

The observation that short and long sleep duration
remained associated with digestive system cancer mor-
tality even after adjusting for the healthy diet score
(in Model B, see results) suggests that food choices are
unlikely to explain the observed association of sleep dura-
tion with cancer mortality. Previous studies have linked
both short and long sleep duration with increased risks
of obesity (e.g. due to higher energy intake associated
with short sleep duration or physical inactivity resulting
from habitual long sleep duration), T2D, a higher likeli-
hood of smoking, and sedentary lifestyle [30-32, 36, 37,
43-45]. In the present study, participants with both short
and long sleep durations (outside the 7—8 h range) were
more likely to have a BMI>30 kg/m? T2D, report past
or current smoking, and were more frequently physically
less active. Given that smoking, high BMI (i.e. obesity),
T2D, and a sedentary lifestyle have all been linked to an
increased risk of cancer [46—49], it could be hypothesized
that these factors may account for the observed asso-
ciations between aberrant sleep durations and mortality
from digestive system cancers. Supporting this assump-
tion, the inclusion of BMI, T2D, and smoking—but not
physical activity—resulted in the loss of significance for
the association between aberrant sleep durations and
mortality from digestive system cancer. This suggests that
these factors may play a more relevant role than physical
activity along the causal pathway between sleep duration
and digestive system cancer mortality. Additionally, the
observation that habitual short daily sleep duration was
no longer associated with an increased risk of mortality
from digestive system cancer after excluding participants
with a baseline history of major non-communicable dis-
eases further suggests that short sleep duration may
be a consequence of these pre-existing health condi-
tions, rather than an independent risk factor for cancer
mortality.

Although healthy eating, as defined in this study, may
offer some protection against higher body weight and
T2D [35, 50-52], and may be associated with non-smok-
ing due to increased health awareness, adjusting for these
factors did not change the association between healthy
eating and the cancer outcome. This suggests that the
benefits of a healthy diet on cancer risk are likely due
to direct effects on digestive tract health, which is not
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surprising given that food directly interacts with and is
processed by the digestive system.

Given that habitual short and long sleep duration may
be unavoidable due to life circumstances (e.g. parenting,
commuting, and health conditions), making healthy die-
tary choices can be an alternative strategy for promoting
health. Our findings suggest that, at least in the context of
digestive system cancer mortality, maintaining a healthy
diet characterised by a high intake of fibre, fruits, and
vegetables, along with low meat consumption, can reduce
this risk across all investigated sleep duration groups.
Therefore, prioritising a healthy diet remains a promis-
ing component of the prevention of cancers afflicting the
digestive system, regardless of sleep patterns.

Due to the nature of our study, we cannot establish causal
inferences. Nonetheless, as mentioned earlier, both sleep
duration and the dietary habits investigated have been
shown to affect the health of the digestive tract through
various mechanisms, including impacts on the gut micro-
biome, gut barrier function, inflammation, and food tran-
sit time [1-3, 10-12]. Additionally, food processing, such
as such as curing and smoking of meat, can result in the
formation of carcinogenic chemicals, including N-nitroso-
compounds and polycyclic aromatic hydrocarbons [53].

Limitations

While our findings remained robust across sensitivity
analyses, it is important to acknowledge several limita-
tions. We focused on subjective daily sleep duration,
which may be susceptible to recall bias. Although subjec-
tive sleep duration may not perfectly align with objective
measurements, it offers practical applicability in a clinical
context by relying on a simple question. Compared with
subjective sleep assessments, objective measures of sleep
duration, such as home or laboratory sleep monitoring,
may also have limitations due to potential bias from par-
ticipants’ heightened vigilance resulting from increased
focus on sleep. Another advantage of using subjective
instead of objective sleep duration, as evaluated through
accelerometry in the UK Biobank, is that the latter was
only available for a subset of UK participants (approxi-
mately one-fifth), potentially limiting the exploration of
the interplay between habitual sleep duration, diet, and
digestive system cancer mortality.

Another limitation of our study is the lack of updated
data on follow-up unavailability from the UK Biobank
beyond May 2017. Our study population was also mainly
composed of individuals with white ethnicity, which may
hinder the applicability of our results to other ethni-
cal groups. Although no interaction was found between
dietary behaviours and sleep duration on digestive cancer
mortality risk, adherence to other healthy lifestyle factors
known to reduce this risk (e.g. regular physical activity;



Néga et al. BMC Medicine (2025) 23:44

[49]) may lower the risk in individuals with poor diet or
sleep habits outside the recommended range. Likewise, it
cannot be ruled out that dietary patterns not examined
in our study, such as time-restricted eating or Mediter-
ranean diet (e.g. [54, 55]), may not only protect against
digestive system cancer but also mitigate the risk asso-
ciated with habitual sleep durations that fall outside the
recommended range for adults.

Another limitation is the potential for changes in die-
tary patterns over time. However, a separate UK Biobank
study addressed this by evaluating the reproducibility of
the baseline dietary assessment in a sub-cohort of 20,000
participants who completed a 24-h dietary recall four
years later. For key food groups (fruit, vegetables, fish,
meat) and the partial fibre score, there was moderate to
substantial agreement between baseline and follow-up
assessments [23].

When interpreting the findings of the present study,
it is important to note that the outcome encompassed
all cancers within the digestive system that resulted in
mortality. Survival times can vary significantly between
different cancer sites within the digestive system [56].
As such, it cannot be ruled out that the extent to which
habitual sleep duration and dietary habits independently
or interactively influence the risk of digestive system
cancer mortality may be site-specific. Additionally, vari-
ations in cancer treatment efficacy and patients’ thera-
peutic responsiveness, which were not accounted for in
our study, may further complicate the interpretation of
these findings.

Conclusions

Short and long sleep duration may elevate the risk of
mortality from digestive system cancer, potentially
through pathways involving smoking, high BMI, and
T2D. However, short sleep duration could also be a
consequence of pre-existing non-communicable dis-
eases, rather than an independent risk factor. The
protective effects of healthy dietary patterns seem to
remain preserved regardless of sleep duration. These
findings suggest that public health strategies should
emphasise the importance of maintaining a healthy diet
rich in fibre, fruits, and vegetables, along with low meat
consumption, as a means of mitigating cancer risk,
even among those with non-ideal sleep patterns. How-
ever, it is important to consider the limitations of this
study, and further research is needed to validate these
findings and explore the potential interactions between
lifestyle factors in diverse populations, including can-
cer-specific cohorts, where the effects of dietary habits
and sleep duration may vary.
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