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Diet-wide analyses for risk of colorectal
cancer: prospective study of 12,251 incident
cases among 542,778 women in the UK

Keren Papier 1 , Kathryn E. Bradbury 2,10, Angela Balkwill1, Isobel Barnes1,
Karl Smith-Byrne 1, Marc J. Gunter3,4, Sonja I. Berndt5, Loic Le Marchand6,
Anna H. Wu7, Ulrike Peters 8, Valerie Beral1,9, Timothy J. Key 1 &
Gillian K. Reeves1

Uncertainty remains regarding the role of diet in colorectal cancer develop-
ment. We examined associations of 97 dietary factors with colorectal cancer
risk in 542,778 Million Women Study participants (12,251 incident cases over
16.6 years), and conducted a targeted genetic analysis in the ColoRectal
Transdisciplinary Study, Colon Cancer Family Registry, and Genetics and
Epidemiology of Colorectal Cancer Consortium (GECCO). Alcohol (relative
risk per 20 g/day=1.15, 95% confidence interval 1.09-1.20) and calcium (per
300mg/day=0.83, 0.77–0.89) intakes had the strongest associations, followed
by six dairy-related factors associated with calcium. We showed a positive
association with red and processed meat intake and weaker inverse associa-
tions with breakfast cereal, fruit, wholegrains, carbohydrates, fibre, total
sugars, folate, and vitamin C. Genetically predicted milk consumption was
inversely associated with risk of colorectal, colon, and rectal cancers. We
conclude that dairy products help protect against colorectal cancer, and that
this is driven largely or wholly by calcium.

Colorectal cancer is the thirdmost common cancer in theworld, with an
estimated 1,926,425 incident cases in 20221. The incidence rates vary
markedly, with higher rates in high income countries including most
European countries, North America, Australia, New Zealand and Japan,
and lower rates in low income countries including much of Africa and
south Asia1, although the rates in lower incidence areas appear to be
increasing2. In addition, colorectal cancer rates in migrants have been
shown to change within as little as just over a decade towards those of
their adopted country3, indicating that lifestyle and environmental fac-
tors are involved in the aetiology of this cancer.

The International Agency for Research on Cancer (IARC) has
classified alcoholic beverages and processed meat as carcinogenic to
humans (Group 1) and redmeat as probably carcinogenic (Group 2A),
with the evidence for this classification being based partly (alcohol), or
largely (red andprocessedmeat), on the findings for colorectal cancer.
The World Cancer Research Fund (WCRF)/American Institute for
Cancer Research (AICR)’s third expert report similarly concluded that
there is convincing evidence that higher intakes of alcohol and pro-
cessedmeat increase the risk of colorectal cancer; they also concluded
that higher consumption of dairy products, dairy milk, calcium,
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calcium supplements, wholegrains, and foods containing dietary fibre
“probably” reduce the risk of colorectal cancer, while higher intake of
red meat “probably” increases risk. The evidence for other foods,
nutrients and beverages is inconclusive4–7.

The lackof consensus regarding the relationships betweendietary
factors other than alcohol and processed meat and colorectal cancer
riskmay be due, at least in part, to the relatively few studies publishing
comprehensive results on all food types4, dietary measurement
error7,8, and/or small sample sizes4. In order to address some of these
limitations, we report here on a systematic analysis of 97 dietary fac-
tors and subsequent colorectal cancer risk using a diet-wide associa-
tion study5,9 based on data from a large prospective study of 542,778
UK women who completed a detailed dietary questionnaire, of whom
7% also completed at least one subsequent 24-hour online dietary
assessment. We also present complementary findings from a Mende-
lian randomisation analysis of milk consumption, using data from the
ColoRectal Transdisciplinary Study, the Colon Cancer Family Registry,
and the Genetics and Epidemiology of Colorectal Cancer con-
sortium (GECCO).

Results
These 542,778 women had amean (SD) of 16.6 (4.8) years of follow-up,
during which 12,251 women were diagnosed with incident colorectal
cancer. Table 1 shows participants’ characteristics overall and
according to whether they developed incident colorectal cancer dur-
ing follow-up. Women who developed colorectal cancer were older,
taller, hadmore family history of bowel cancer, and hadmore adverse
health behaviours compared with participants overall. Figure 1 and
Supplementary Data 1 show the RRs for colorectal cancer in relation to
intakes of the 97 dietary factors, of which 17 were associated with risk
of colorectal cancer (FDR corrected p-value < 0.009). Of these 17
dietary factors, alcohol and calcium intakes had the strongest asso-
ciations (based on lowest p value) with colorectal cancer risk; with a
positive association for alcohol (relative risk [RR] per 20 g/day= 1.15,
95% confidence interval [CI] 1.09–1.20, p <0.0000001) and an inverse
association for calcium (RR per 300mg/day =0.83, 95% CI 0.77–0.89,
p <0.000001). Dairymilk, yogurt, riboflavin,magnesium, phosphorus,
andpotassium intakeswere inversely associatedwith colorectal cancer
risk, as were intakes of breakfast cereal, fruit, wholegrains, carbohy-
drates, fibre, total sugars, folate, and vitamin C. Red and processed
meat intake was positively associated with risk of colorectal cancer
(per 30 g/day = 1.08, 1.03–1.12, p <0.01). For all of these 17 dietary
factors, the categorical RRs and 95% CIs were broadly consistent with
their respective log-linear dose response relationships (Figs. 2 and 3).

The pairwise correlations for the 17 FDR-significant dietary factors
are displayed in Table 2. Dairy-related foods and nutrients had the
strongest pairwise correlations (calcium, phosphorus, riboflavin, dairy
milk, magnesium, potassium). We also observed strong and
moderately-strong (r > 0.5) pairwise correlations between fibre-related
foods and nutrients (including carbohydrates, total sugars, magne-
sium, fibre, folate, wholegrains, vitamin C, and fruit). Dairy-related and
fibre-related foods and nutrients also had moderate (r > 0.35) pairwise
correlations between them. In contrast, alcohol, and red and pro-
cessedmeat were generally only very weakly correlated with the other
dietary factors.

Sequential adjustment for different types of potential lifestyle
confoundersacross themodelsdidnotmaterially change the log relative
risks for those dietary factors which showed the most statistically sig-
nificant associations (based on lowest p values) with risk of colorectal
cancer (alcohol, calcium, dairy milk). Conversely, progressive adjust-
ment led to attenuation of themagnitude of the associations with other
FDR-significant dietary factors (including fruit, wholegrains, breakfast
cereal), suggesting that the associationswith risk of colorectal cancer for
these latter foods may have been at least partly due to residual con-
founding with lifestyle factors (Supplementary Data 2).

Table 3 presents associations of the 17 FDR-significant dietary
factors with risk of colorectal cancer, further adjusted for calcium,
dairy milk, fruit, and wholegrains. After adjustment for calcium, the
inverse associations for dairy milk, phosphorus, riboflavin, magne-
sium, potassium, yogurt, folate, breakfast cereal and total sugars were
no longer evident. Adjustment for dairy milk attenuated the

Table 1 | Characteristics of 542,778 women at baseline, and
details of follow-up

Characteristics, mean
(SD) or num (%)

All women
N = 542,778

Cases
N = 12,251

Non-cases
N = 530,527

Socio-demographic

Age at dietary assess-
ment, y, mean (SD)

59.7 (4.9) 61.1 (5.1) 59.7 (4.9)

Area-based deprivation quintiles, low to high n (%)

1 126237 (23.4%) 2883 (22.6%) 123354 (23.5%)

2 120532 (22.4%) 2860 (22.5%) 117672 (22.4%)

3 112420 (20.9%) 2710 (21.3%) 109710 (20.9%)

4 101076 (18.8%) 2457 (19.3%) 98619 (18.7%)

5 78466 (14.6%) 1824 (14.3%) 76642 (14.6%)

Education attainment, n (%)

None 179561 (33.6%) 4279 (34.0%) 175282 (33.6%)

Technical 91852 (17.2%) 2103 (16.7%) 89749 (17.2%)

Secondary 170364 (31.9%) 4059 (32.2%) 166305 (31.9%)

Tertiary 92510 (17.3%) 2149 (17.1%) 90361 (17.3%)

Lifestyle

Strenuous exercise, n (%)

none 221853 (41.7%) 5492 (43.8%) 216361 (41.7%)

≤ 1 per week 184820 (34.8%) 4215 (33.6%) 180605 (34.8%)

> 1 per week 124830 (23.5%) 2832 (22.6%) 121998 (23.5%)

Smoking, n (%)

Never 297177 (55.5%) 6804 (54.0%) 290373 (55.6%)

Past 176474 (33.0%) 4325 (34.3%) 172149 (32.9%)

Current smoker 61559 (11.5%) 1474 (11.7%) 60085 (11.5%)

Alcohol, drinks per week, n (%)

0 186872 (34.4%) 4470 (34.9%) 182402 (34.4%)

1–5 174278 (32.1%) 3903 (30.5%) 170375 (32.1%)

6–10 110878 (20.4%) 2605 (20.3%) 108273 (20.4%)

11 or more 70750 (13.0%) 1832 (14.3%) 68918 (13.0%)

Energy intake, kJ per
day, mean (SD)

8194 (2327) 6995.0
(1732.4)

6980.6 (1753.4)

Health

BMI, kg/m2, mean (SD) 25.9 (4.4) 25.9 (4.4) 25.9 (4.4)

Height, n (%)

< 160 cm 160679 (29.9%) 3495 (27.6%) 157184 (30.0%)

160–164 cm 162834 (30.3%) 3725 (29.4%) 159109 (30.3%)

≥ 165 cm 213799 (39.8%) 5445 (43.0%) 208354 (39.7%)

HTM use, n (%)

ever 286840 (53.6%) 6258 (49.6%) 280582 (53.7%)

never 248444 (46.4%) 6353 (50.4%) 242091 (46.3%)

Family history of bowel cancer, n (%)

none 495252 (91.2%) 11389 (88.9%) 483863 (91.3%)

yes 47526 (8.8%) 1421 (11.1%) 46105 (8.7%)

Follow-up for colorectal cancer

Person-years of follow-
up, mean (SD)

16.6 (4.8) 10.6 (5.4) 16.8 (4.7)

1No education (left at or before compulsory school leaving age), Technical (non-university
qualifications e.g. nursing, teaching), Secondary (O levels or A levels), Tertiary (college or uni-
versity). HTM Hormonal therapy for menopause.
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associations for riboflavin, breakfast cereal, and potassium to a lesser
extent thandid adjustment for calcium and didnot completely explain
the association of calcium intake with risk, which remained significant.
Adjustment for fruit intake also led to attenuation of the associations
for phosphorus, riboflavin, magnesium, potassium, folate, carbohy-
drates, total sugars, vitamin C, breakfast cereal, and fibre, and adjust-
ment for wholegrains attenuated the associations for magnesium,
breakfast cereal and fibre, to the extent that none of these associations
remained significant after adjustment. Adjusting for calcium, dairy
milk, fruit, or wholegrains minimally affected the associations for
wholegrains, alcohol and red and processed meat (Table 3).

Given the high correlation between calcium and dairy milk, we
investigated the association of each, independently of the other, using
the residuals method. Calcium intake was independently associated
with risk of colorectal cancer whereas dairy milk intake was not;
LRT = 6.39 (p =0.01) between the models including dairy milk with or
without addition of the estimated residuals for calcium intake, and
LRT =0.18 (p =0.67) between the models including calcium with or
without addition of the estimated residuals for dairy milk intake. We
also investigated the associations of dietary calcium with risk of col-
orectal cancer by source of dietary calcium and found no evidence
of heterogeneity by source (phet=0.21) Table 4.

Fig. 1 | Volcano plot showing results from diet-wide study method evaluating
associations between 97 dietary risk factors and colorectal cancer risk. The Y
axis shows p values (two-sided) for the associations between each of the 97 dietary
factors and colorectal cancer incidence calculated separately using Cox propor-
tional hazards regression models stratified by year of birth, date of completion of
the dietary survey (which is the baseline for this study), and region of residence (10
geographical regions: 9 in England and 1 in Scotland), and adjusted for area-based
deprivation (fifths, based on the Townsend deprivation score, unknown), highest
educational qualification (none, technical, secondary, tertiary, unknown), body
mass index ( < 20, 20-22.49, 22.5-24.9, 25.0-27.49, 27.5-29.9, 30-32.49, 32.5–34.9,
35+ kg/m2, unknown), height ( < 160, 160–164.9, ≥ 165 cm, unknown), strenuous
exercise (none, ≤ once per week, > once per week, unknown), dietary energy intake

(except for the analysis of energy and risk; fifths, unknown), alcohol (none, 1–5,
6–10, ≥ 11 drinks per week, unknown), smoking (never, past, current 1–4, current
5–9, current <10, current 10–14, current 15–19, current 20–24, current 25–29,
current ≥ 30 cigarettes per day, unknown), current use of hormonal therapy for
menopause (no, yes, unknown), and family history of bowel cancer (no, yes). The X
axis shows relative risks (see Supplementary Data 1 for increments). Dietary factors
associated with risk of colorectal cancer with a False Discovery Rate (FDR) p
value < 0.05 are shaded in pink and those with a p >0.05 are shaded in grey. For
each of the 62 quantitatively measured dietary factors, we created a continuous
variable using the re-measuredmean intakes for each baseline category. Log-linear
trends in risk across categories of baseline intakes were then calculated using the
listed increments.
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Fig. 2 | Associations of the top eight FDR-significant dietary factors (p <0.001)
and colorectal cancer by intake categories. Mean daily intakes taken from the
mean of the 24-hour dietary assessments. Wholegrain intake represents actual
grams of wholegrains. Associations between each of the foods or nutrients and
colorectal cancer incidence calculated separately using Cox proportional hazards
regression models stratified by year of birth, date of completion of the dietary
survey (which is the baseline for this study), and region of residence (10 geo-
graphical regions: 9 in England and 1 in Scotland), and adjusted for area-based
deprivation (fifths, based on the Townsend deprivation score, unknown), highest

educational qualification (none, technical, secondary, tertiary, unknown), body
mass index ( < 20, 20–22.49, 22.5–24.9, 25.0–27.49, 27.5–29.9, 30–32.49, 32.5–34.9,
35+ kg/m2, unknown), height ( < 160, 160–164.9, ≥ 165 cm, unknown), strenuous
exercise (none, ≤ once per week, > once per week, unknown), dietary energy intake
(except for the analysis of energy and risk; fifths, unknown), alcohol (none, 1–5,
6–10, ≥ 11 drinks per week, unknown), smoking (never, past, current 1–4, current
5–9, current <10, current 10–14, current 15–19, current 20–24, current 25–29,
current ≥30 cigarettes per day, unknown), current use of hormonal therapy for
menopause (no, yes, unknown), and family history of bowel cancer (no, yes).
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Fig. 3 | Associations of the nine less FDR-significant dietary factors and color-
ectal cancer (p <0.01) by intake categories. Mean daily intakes taken from the
mean of the 24h dietary assessments. Associations between each of the foods or
nutrients and colorectal cancer incidence calculated separately using Cox pro-
portional hazards regression models stratified by year of birth, date of completion
of the dietary survey (which is the baseline for this study), and region of residence
(10 geographical regions: 9 in England and 1 in Scotland), and adjusted for area-
based deprivation (fifths, based on the Townsend deprivation score, unknown),
highest educational qualification (none, technical, secondary, tertiary, unknown),

body mass index ( < 20, 20–22.49, 22.5–24.9, 25.0–27.49, 27.5–29.9, 30–32.49,
32.5–34.9, 35+ kg/m2, unknown), height ( < 160, 160–164.9, ≥165 cm, unknown),
strenuous exercise (none, ≤ once per week, > once per week, unknown), dietary
energy intake (except for the analysis of energy and risk; fifths, unknown), alcohol
(none, 1–5, 6–10,≥ 11 drinksperweek, unknown), smoking (never, past, current 1–4,
current 5–9, current <10, current 10–14, current 15–19, current 20–24, current
25–29, current ≥30 cigarettes per day, unknown), current use of hormonal therapy
for menopause (no, yes, unknown), and family history of bowel cancer (no, yes).
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Sensitivity analyses
In sensitivity analyses restricted to womenwho self-reported excellent
or goodhealth at baseline, and to riskof colorectal cancer in the period
5 or more years after baseline, the findings were broadly similar
(Supplementary Data 3). We also found no significant heterogeneity in
the observed associations for the FDR-significant dietary factors by
cancer sub-site, except for alcohol, which appeared to be less detri-
mental in the proximal colon and most harmful in the rectum (Sup-
plementary Data 4; p for heterogeneity by subsite=0.02). In analyses
stratified by smoking status, BMI category, area-based deprivation and
alcohol intake, we observed stronger associations for dairy milk (p for
heterogeneity =0.005) and riboflavin (p for heterogeneity =0.006) in
never smokers and a stronger association for wholegrains (p for het-
erogeneity =0.04) in those with a lower BMI (Supplementary Data 5).

MR using lactase polymorphism SNP
We observed an inverse association of genetically predicted milk
consumption and risk of colorectal cancer that was larger than the
inverse association with reported dairy milk intake and colorectal
cancer: RR per 200g/day=0.60, 0.46−0.74; colon cancer: RR per
200g/day=0.60, 0.43−0.77; and rectal cancer: RR per 200 g/day=0.49,
0.31−0.67.

Discussion
In this largeprospective studyof diet and colorectal cancer,we founda
marked positive association for alcohol, and a strong inverse associa-
tion for calcium. Inverse associations were also observed with other
dairy-related factors including dairy milk, yogurt, riboflavin, magne-
sium, phosphorus, and potassiumwhich, on further analysis, appeared
to be primarily due to the association of these dietary factors with
calcium. Further evidence for a potentially causal role for calcium in
colorectal cancer incidencewasprovidedby an accompanying analysis
of genetically-predicted milk intake, which is likely to also reflect cal-
cium intake. We also found a positive association for red and pro-
cessedmeat intake thatwasminimally affected by confounding by diet
and lifestyle factors. In addition, we observed inverse associationswith
risk for breakfast cereal, fruit, wholegrains, carbohydrates, fibre, total
sugars, folate, and vitamin C, but these inverse associations may have
been influenced by residual confounding by lifestyle and/or other
dietary factors.

Our study recapitulates the well-established positive association
between alcohol consumption and risk of colorectal cancer4 and is in
line with the 2018 WCRF dose-response meta-analysis which found a
seven percent higher risk of colorectal cancer per 10 grams of alcohol
per day (equivalent to 14%per 20gramsof alcohol per day)4 which is of
nearly identical magnitude to the 15% higher risk we observed per 20
grams per day. Previous MR studies in adults of Asian and European
ancestry also support a causal association of alcohol intake with col-
orectal cancer risk10–12. Suggested mechanisms by which alcohol could
increase the risk of colorectal cancer include the production of acet-
aldehyde, found to be mutagenic in high concentrations, which has
been shown to disrupt deoxyribonucleic (DNA) repair function in
human tissue and experimental animal studies13, and increase gen-
eration of carcinogenic reactive oxygen species14.

Our findings with respect to dairy-related foods and nutrients are
consistent with those from themost recent WCRF review which judged
that dairy products (including evidence for total dairy,milk, and cheese,
as well as dietary calcium) and calcium supplements probably decrease
the risk of colorectal cancer4. Of the dairy-related foods and nutrients
examined in the present study, all were inversely associated with risk of
colorectal cancer, except for cheese and ice-cream. Our findings spe-
cifically for calcium (17% lower risk per 300mg/day) and dairymilk (14%
lower risk per 200g/day), are larger in magnitude than those reported
in the 2018WCRFdose-responsemeta-analysis (9% and 6%, respectively
for the same increments). In subsequent studies, a diet-wide analysis inTa
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the EPIC study ( ~ 5000 cases among 387,000 participants) found 7%
and 5% lower risks for the same increments5, a study in the Nurses’
Health Study II (349 cases among 94,000 participants) found a 15%
lower risk for calcium per 300mg/day15, and a UK Biobank study
( ~ 2600 cases among 476,000 participants)16 reported a 14% lower risk
per 200ml dairy milk/day (although this was not formally statistically
significant, p for trend 0.07). One study in the China Kadoorie Biobank
(3350 cases among 510,146participants), with amuch lowerdairy intake
than in western cohorts, found a suggestive positive association
between dairy intake (largely coming from dairy milk) and colorectal
cancer risk (eight percent higher risk per 50g/day)17; it is possible that
the association between dairy milk and colorectal cancer risk might
differ in populations where a large majority cannot digest lactose,
such as that in the China Kadoorie Biobank18,19. Our MR findings for
genetically predicted milk intake in a European population provide
evidence for a causal association of dairy and/or dietary calcium,
adding to that from previous MR studies with similar findings based
on far fewer colorectal cancer cases (i.e. ~7000 cases20 and ~340021)
than our analysis ( ~ 53,000 cases). The MR findings for genetically
predicted dairy milk were of much larger magnitude than what
we observed in the observational analyses (40% versus 14% lower risk
per 200 g/day), though genetically predicted intake represents
the effect of lactase exposure throughout adult life, so this might be
expected22.

The associations we observed for dairy milk and the other dairy-
related foods and nutrients with colorectal cancer are likely largely or
wholly driven by calcium intake; this is based on the low p-value for the
association between calcium and colorectal cancer risk, the large
impact we found when adjusting the dairy-related food and nutrient
associations with colorectal cancer for calcium, our residual-based
analyses which showed that adding the estimated residuals for dairy
milk intake given calciumdidnot independently add to themodel, and

Table 3 | Associations of FDR-significant dietary factors with risk of colorectal cancer, further adjusted for calcium, dairymilk,
fruit, and wholegrains

Food or nutrient from
diet only

Trend
Increment

RR (95% CI) 1

Main model
RR (95% CI) 1 + Cal-
cium added

RR (95% CI) 1+ Dairy
milk added

RR (95% CI) 1 +
Fruit added

RR (95% CI) 1 + Whole-
grains added

Alcohol 20g/day 1.15 (1.09,1.20) 1.12 (1.07,1.18) 1.13 (1.07,1.18) 1.12 (1.07,1.17) 1.14 (1.09,1.20)

Calcium 300mg/day 0.83 (0.77,0.89) - 0.86 (0.79,0.95) 0.88 (0.81,0.97) 0.84 (0.78,0.90)

Dairy milk 200g/day 0.86 (0.81,0.92) 0.94 (0.86,1.02) - 0.86 (0.80,0.92) 0.87 (0.82,0.93)

Phosphorus 300mg/day 0.84 (0.78,0.91) 0.95 (0.85,1.05) 0.89 (0.82,0.98) 0.92 (0.84,1.01) 0.88 (0.81,0.95)

Riboflavin 1mg/day 0.83 (0.75,0.91) 0.96 (0.85,1.09) 0.91 (0.81,1.03) 0.95 (0.84,1.07) 0.86 (0.78,0.95)

Magnesium 100mg/day 0.84 (0.77,0.92) 0.83 (0.83,1.01) 0.88 (0.80,0.97) 0.93 (0.84,1.04) 0.80 (0.99,4.69)

Wholegrains 20g/day 0.90 (0.85,0.95) 0.91 (0.86,0.96) 0.90 (0.85,0.96) 0.92 (0.87,0.98) -

Yogurt 50g/day 0.92 (0.88,0.96) 0.96 (0.91,1.00) 0.92 (0.88,0.96) 0.93 (0.89,0.98) 0.93 (0.89,0.97)

Folate 100 µg/day 0.88 (0.82,0.95) 0.92 (0.86,1.00) 0.91 (0.84,0.98) 0.94 (0.87,1.02) 0.90 (0.83,0.97)

Carbohydrates 50g/day 0.89 (0.83,0.96) 0.92 (0.86,0.98) 0.91 (0.85,0.97) 0.93 (0.87,1.00) 0.91 (0.85,0.98)

Total sugars 50g/day 0.88 (0.81,0.95) 0.92 (0.85,1.00) 0.90 (0.83,0.98) 0.94 (0.86,1.03) 0.88 (0.82,0.96)

Red/processed meat 30 g/day 1.08 (1.03,1.12) 1.06 (1.01,1.11) 1.07 (1.03,1.12) 1.06 (1.02,1.11) 1.06 (1.02,1.11)

Fruit 200g/day 0.90 (0.85,0.96) 0.92 (0.86,0.98) 0.90 (0.84,0.96) - 0.92 (0.86,0.98)

Vitamin C 100mg/day 0.90 (0.83,0.96) 0.91 (0.84,0.97) 0.88 (0.82,0.95) 0.92 (0.85,1.01) 0.91 (0.84,0.98)

Breakfast cereal 40g/day 0.93 (0.89,0.98) 0.95 (0.90,1.00) 0.95 (0.91,1.00) 0.96 (0.91,1.01) 0.95 (0.91,1.00)

Fibre 5 g/day 0.92 (0.86,0.97) 0.93 (0.87,0.98) 0.92 (0.86,0.97) 0.96 (0.89,1.03) 0.97 (0.90,1.04)

Potassium 1000mg/day 0.89 (0.82,0.97) 0.96 (0.88,1.05) 0.94 (0.86,1.02) 1.01 (0.91,1.11) 0.91 (0.84,0.99)
1Associations between each of the 17 foods or nutrients and colorectal cancer incidence calculated separately usingCox proportional hazards regressionmodels that were stratifiedby year of birth,
date of completion of the dietary survey (which is the baseline for this study), and region of residence (10 geographical regions: 9 in England and 1 in Scotland), and adjusted for area-based
deprivation (fifths, based on the Townsend deprivation score, unknown), highest educational qualification (none, technical, secondary, tertiary, unknown), body mass index ( < 20, 20−22.49,
22.5−24.9, 25.0−27.49, 27.5−29.9, 30−32.49, 32.5−34.9, 35+ kg/m2, unknown), height ( < 160, 160–164.9, ≥ 165 cm, unknown), strenuous exercise (none, ≤ once per week, > once per week,
unknown),dietary energy intake (except for the analysis of energy and risk; fifths, unknown), alcohol (none, 1−5, 6−10, ≥ 11 drinks per week, unknown), smoking (never, past, current 1–4, current 5–9,
current < 10, current 10–14, current 15–19, current 20–24, current 25–29, current ≥ 30 cigarettes per day, unknown), current use of hormonal therapy for menopause (no, yes, unknown), and family
history of bowel cancer (no, yes). For eachdietary factor, we created a continuous variable using the re-measuredmean intakes for each baseline category. Log-linear trends in risk across categories
of baseline intakes were then calculated using the listed increments.

Table 4 | Associations of sources of dietary calcium with
colorectal cancer risk

Calcium source Cases RR (95% CI) 1

Dairy sources, by quintiles of intake2

1 2577 1

2 2465 0.93 (0.88,0.99)

3 2425 0.90 (0.85,0.96)

4 2432 0.90 (0.85,0.95)

5 2352 0.86 (0.81,0.92)

Non-dairy sources, by quintiles of intake3

1 2403 1

2 2482 1.00 (0.94, 1.06)

3 2467 0.97 (0.91, 1.04)

4 2457 0.95 (0.89, 1.02)

5 2442 0.94 (0.86, 1.01)

P for heterogeneity 0.21

Mean daily intakes taken from the mean of the 24-hour dietary assessments. 1Associations
between calcium from dairy or non-dairy sources and colorectal cancer incidence calculated
separately usingCoxproportional hazards regressionmodels thatwere stratifiedbyyear of birth,
date of completion of the dietary survey (which is the baseline for this study), and region of
residence (10 geographical regions: 9 in England and 1 in Scotland), and adjusted for area-based
deprivation(fifths, based on the Townsend deprivation score, unknown), highest educational
qualification (none, technical, secondary, tertiary, unknown), body mass index ( < 20, 20−22.49,
22.5−24.9, 25.0−27.49, 27.5−29.9, 30−32.49, 32.5−34.9, 35+ kg/m2, unknown), height ( < 160,
160–164.9, ≥165 cm, unknown), strenuous exercise (none, ≤ once per week, > once per week,
unknown), dietary energy intake (except for the analysis of energy and risk; fifths, unknown),
alcohol (none, 1-5, 6-10, ≥ 11 drinks per week, unknown), smoking (never, past, current 1–4,
current 5–9, current <10, current 10–14, current 15–19, current 20–24, current 25–29, current ≥30
cigarettes per day, unknown), current use of hormonal therapy for menopause (no, yes,
unknown), and family history of bowel cancer (no, yes). 2Further adjusted for quintiles of calcium
intake from non-dairy sources. 3Further adjusted for quintiles of calcium intake from dairy
sources.
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the investigation of the association of calcium and colorectal cancer
risk by dietary source, which provided no evidence for heterogeneity
of association with colorectal cancer risk by calcium source.

The probable protective role of calciummay relate to its ability to
bind to bile acids and free fatty acids in the colonic lumen, thereby
lowering their potentially carcinogenic effects23,24. Furthermore,
experimental work in rats has shown that having higher levels of
dietary calcium in the colonic lumen reduces colonic permeability,
particularly if dietary phosphate levels are also high, thereby helping
protect the intestinal mucosa from being injured by potentially
harmful luminal contents (e.g. bile acids)25. Other experimental work
suggests that calciummayalsohavedirect effects oncolonic tissue, for
example, calcium may promote colorectal epithelial cell
differentiation26, enhance apoptosis, and reduce DNA oxidative
damage in the colorectal mucosa27. Laboratory studies also suggest
that dietary calcium may reduce the incidence of KRAS mutations in
the colon28. The results from these previous experimental studies
suggest that the potential protective effects of calcium appear to be
related to its presence in the intestinal lumen. There is limitedevidence
on the role of circulating calcium in colorectal cancer risk, with the
available genetic and observational evidence suggesting no clear
association15,29,30, though circulating concentrations of calcium are
tightly regulated in the body and unlikely to be materially affected by
moderate variations in dietary intake31. If the protective role of dairy
milk and the other dairy-related foods is not wholly attributed to its
calcium content, other possiblemechanismsmay relate to conjugated
linoleic acid, butyric acid, and sphingomyelin which are present in
dairy milk and have been shown to inhibit chemically-induced colon
carcinogenesis in some animal models32–36.

We could not investigate the association for calcium supplements
in the present study. A recent meta-analysis of six cohort studies found
that a 300mg per day increase in calcium from supplements was
associated with a 9% lower risk of incident colorectal cancer37 but a
randomised controlled trial in 36,282 postmenopausal women of sup-
plementationwith 1000mgof elemental calcium (as calciumcarbonate)
with 40 µg of vitamin D3 daily for 7 years found no significant impact on
risk38. However, mean calcium intakes in these women were relatively
high at enrolment; the average intake from diet plus supplements was
~1100mg/day, similar to themean intake in the highest quintile of intake
in the present study. It is therefore possible that the baseline calcium
intakes in this trial were already high enough that the intervention with
supplemental calcium had no further impact on colorectal cancer risk.
Additionally, colorectal cancer has a long latency period, so it is possible
that a follow-up period of seven years may have been insufficient to
detect an effect of the intervention39. Apart from alcohol, the only
dietary factor which was positively associatedwith colorectal cancer risk
in these datawas red andprocessedmeat consumption.We found an8%
higher risk of colorectal cancer per 30g/day higher red and processed
meat consumption; this is equivalent to a 29% higher risk per 100g/day,
which is substantially larger than the 12% higher risk per 100g/day
reported in the 2018 WCRF dose-response meta-analysis4. This larger
associationmight be partly explained by our use of repeat dietary intake
measures to reduce the impact of measurement error and regression
dilution bias. Similar to the WCRF report, we found a larger association
for processed meat than for red meat, although the independent asso-
ciations for red meat and processed meat separately were not robust to
correction for multiple testing. However, in this paper we explored 97
dietary variables and corrected formultiple testing, and there are strong
pre-existing hypotheses and evidence for some dietary factors, includ-
ing for red and processed meat, and therefore correcting for multiple
testingmay have been a stringent approach for such dietary factors with
consistent evidence of an association. Several mechanisms have been
proposed to explain the positive associations observed for red and
processed meat including haem iron, which may catalyse the formation
of N-nitroso compounds that have been found to generate mutations in

the colon40, cooking meat at high temperatures which forms hetero-
cyclic amines and polycyclic aromatic hydrocarbons41, and meat smok-
ing or adding sodium nitrites or nitrates for preservation which can lead
to the exogenous formation of N-nitroso compounds41–43.

The magnitudes of the lower risks of colorectal cancer associated
with greater intakes of breakfast cereal, fruit, wholegrains, carbohy-
drates, fibre, total sugars, folate, and vitamin C observed in this cohort
were relatively small, and these inverse associations were affected by
confounding by lifestyle factors and (except for fruit and wholegrains)
by dietary factors. Suggested mechanisms for these inverse associa-
tions relate to wholegrains44–46 and dietary fibre4. Wholegrains are a
rich source of fibre and previous trial evidence shows that dietary fibre
increases stool bulk; this leads to reduced transit time and dilutes the
contents of the large bowel, thus possibly also diluting carcinogenic
substances in bowel contents and the time such carcinogens are pre-
sent in the colon47. Additionally, dietary fibre is fermented in the colon,
forming short chain fatty acids such as butyrate, which reduce intest-
inal pH48 and thus inhibit the conversion of primary bile acids into
secondary bile acids, which promote cell proliferation24. It is also
possible that other compounds found in these foods may have pro-
tective effects4,49,50.

In this diet-wide prospective study on diet and colorectal cancer,
we comprehensively investigated nearly 100 dietary factors in the
same cohort, thereby reducing exposure selection bias, ensuring
standardisation of confounding adjustment, and increasing the spe-
cificity of our findings51. We took a rigorous approach to explore the
possibility of reverse causation by excluding women who reported
changing their diet in the past 5 years due to illness from all the ana-
lyses, and in separate analyses by further restricting to women who
self-reported good or excellent health at baseline, and by excluding
the first 5 years of follow-up. We also assessed the potential role of
confounding by assessing the impact of incremental adjustment for
key confounders, and by conducting sensitivity analyses restricted to
never smokers. The reproducibility and performance of the dietary
assessmentmethod used at baseline was assessed by comparison with
records from 7-day fooddiaries52. In addition, we used aweb-based 24-
hour dietary questionnaire (the Oxford WebQ), validated against
recovery biomarkers53, to re-measure diet about 10 years later to
estimate long-term diet and test for trends across baseline categories
of intake54. In addition, the large sample size enabled us to look at
proximal colon, distal colon and rectum separately. A limitation of our
study was that for some dietary factors the range of re-measured (i.e.
long-term) intakes across the extreme baseline groups was small,
therefore for these factors we were limited in our ability to detect
associationswithdisease. Also,wewereunable to include somedietary
items (e.g. butter) due to the format of the dietary survey. Additionally,
although the women in the cohort are representative of middle-aged
and older women living in the UK, they are predominantly of European
ancestry. Therefore, the results are not necessarily generalisable to
other populations, or to populations where a large majority cannot
digest lactose (including e.g. many Asian populations).

In addition to confirming the well-established positive associa-
tions of alcohol, and red andprocessedmeat consumption,with risk of
colorectal cancer, this large prospective analysis provides robust evi-
dence supporting the protective role of dietary calcium. Additional
research is needed to investigate overall health benefits or risks asso-
ciated with higher calcium intakes.

Methods
Ethical approval
The study was approved by the Oxford and Anglia Multi-Centre
Research Ethics Committee and all participants gave written consent
for follow-up through medical records. Further details of the study
protocol and questionnaires have been published and the ques-
tionnaires can be viewed on the Million Women Study website55,56.
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Study population
Between 1996 and 2001, 1.3 million women with a mean (SD) age of 56
(6) years who were invited to the National Health Service (NHS) Breast
Screening Programme in England and Scotland joined the Million
Women Study by completing the recruitment questionnaire, which
collected information on demographic, lifestyle and social factors.
Participants have been resurveyed at approximately 3−5 year intervals
since recruitment, to update information on key exposures and to
obtain additional information on new exposures of interest.

Assessment of diet
The current analysis was based on the first resurvey (referred to as
baseline) which was conducted around 3 years after recruitment
(median year 2001, IQR 3) because this was the first questionnaire
whenwomenwere asked about their dietary habits. This questionnaire
asked participants about their diet during a typical week, including 130
quantitative or semi-quantitative questions on frequency of intake of
specific foods and food groups (see Supplementary Methods). The
mean daily intakes of nutrients were calculated by multiplying the
frequency of consumption of each food or beverage by a specified
portion size and the nutrient composition of that particular item. The
short term repeatability of most of the diet questions was high, and
comparison with estimates from 7-day diet diaries showedmoderately
good agreement (the median correlation for macronutrient intakes
was 0.48, and for alcohol, calcium and fibre the correlations were 0.75,
0.62, and 0.62, respectively)52.

Repeatmeasures of dietary intake were also derived from one web-
based 24-hour dietary questionnaire (the OxfordWebQ) completed by a
sub-sample (7%) of all womenwho completed the dietary questionnaire,
on average ~10 years after baseline and before the end of follow-up57.

In total, we included 97 dietary factors in our diet-wide analysis.
Selection of foods and nutrients depended on their availability in both
the dietary survey and the OxfordWebQ. Of the 97 selected foods and
nutrients, 62 were measured quantitatively and 35 were measured as
binary intakes. To enable calibrated estimates of intake to bemade for
all women for the 62 foods and nutrients that were quantitatively
assessed, we first calculated themeanOxfordWebQ intake for each of
the 62 dietary factors within each category (e.g. quintiles) of baseline
intake for the sub-sample of womenwho completed the OxfordWebQ
and then assigned these mean values to each baseline category for all
women (see statistical analysis section for further details). Supple-
mentary Data 6 presents the mean (SD) intakes for the quantitatively
assessed foods and nutrients in women who completed one or more
Oxford WebQs.

Ascertainment of colorectal cancer
Participants were followed by electronic record linkage to routinely
collected National Health Service (NHS) data on cancer registrations,
deaths and emigrations, coded according to the International Classi-
fication of Diseases, 10th revision (ICD-10). The main endpoint for this
study was incident colorectal cancer (ICD-10 C18-C20) and colorectal
cancers were further classified as proximal (ICD-10 C18.0-C18.4), distal
(C18.5-C18.7), or rectal (C19-C20) cancers.

Exclusions and inclusions
In total, 866,535 women completed the baseline dietary questionnaire
andhad linkeddata for cancer anddeath. Of these, weexcluded: 48,151
women with previous registration for malignant cancer (other than
non-melanoma skin cancer, C44) or no follow-up before the dietary
questionnaire completion date; 5090womenwhose energy intakewas
outside the plausible range 2093-14,654 kJ per day (equivalent to
500−3500 kcal per day)58; 122,689 women who reported having
changed their diet due to illness; and 147,827womenwithmissing data
on any semi-quantitative dietary variables (including meat types, fish
types, main carbohydrate sources, eggs, vegetables, fruit, sweets,

dairy, alcohol, and other beverages) leaving 542,778women in the final
analysis dataset (see Supplementary Figure 1 for participantflowchart).

Statistical analysis
For 62 foods and nutrients for which there was a quantitativemeasure
of intake we calculated trends in risk of colorectal cancer per incre-
ment in grams, milligrams or micrograms per day using information
collected in the Oxford WebQ (in women who had not developed
colorectal cancer at the time of completing this). To do this, dietary
intake of these 62 foods and nutrients were first divided into cate-
gories, generally using quintiles; for foods with non-continuous dis-
tributions, we divided the dietary intakes into three to five categories
using other appropriate cut-points to create approximately equal-
sized groups based on the distribution of the data. We then derived
repeatmeasures of intakewithin each baseline category by calculating
themean intakes for each foodor nutrient category inwomenwhohad
completed at least one 24-hour dietary assessment using the Oxford
WebQ (based on the first completed Oxford WebQ where more than
one had been completed), and assigning these mean intakes for all
women in that category. These re-measured mean intakes for each
baseline category were then treated as a continuous variable in order
to calculate log-linear trends in risk across categories of baseline
intakes. The trend analyses used the baseline categories of intake
defined in all women, but assigned the mean intakes for each of these
baseline categories using the Oxford WebQ intakes measured during
follow-up; this method does not alter the baseline categories, or the
HRs for each category compared to the reference category, but pro-
vides better estimates of long-term dietary intakes during follow up
and therefore better estimates of trends inHRs associatedwithdefined
increments in dietary exposures (see Supplementary Methods for
further description). Trend increments were selected based on the
observed differences in WebQ derived intake between the lowest and
highest baseline category (see increments for all in Supplementary
Data 1). This approach reduces the impact of regression dilution bias
and other forms of measurement error54 and has previously been used
for diet research in this cohort59 and in the UK Biobank16. The
remaining 35 foods (which included fruit and vegetable subtypes, ice
cream, legumes, and soy milk) were divided into two categories of
baseline intake (‘weekly’ vs ‘less than weekly’). We checked the con-
sistency of high versus low intakes between the baseline and re-
measured intakes for these foods, and calculated risk of colorectal
cancer for high versus low intakes using the baseline intakes.

We used Cox proportional hazards regressionmodels to estimate
hazard ratios (hereafter referred to as relative risks) and 95% con-
fidence intervals for associations between each of the 97 dietary fac-
tors and colorectal cancer incidence separately. Person-years were
calculated from thedatewhendietwas reported up towhichever came
first: diagnosis of cancer, emigration, death, or the end of follow up
(31st December 2020). All analyses were stratified by year of birth, date
of completion of the dietary survey, and region of residence (ten
geographical regions: 9 in England and 1 in Scotland), and adjusted for
area-based deprivation (fifths, based on the Townsend deprivation
score at recruitment, unknown), highest educational qualification
(none, technical, secondary, tertiary, unknown), body mass index
( < 20, 20−22.49, 22.5−24.99, 25.0−27.49, 27.5−29.99, 30−32.49, 32.5-
34.99, ≥35 kg/m2, unknown), height ( < 160, 160–164.9, ≥165 cm,
unknown), strenuous exercise (none, ≤ once per week, > once per
week, unknown), dietary energy intake (except for the analysis of
energy and risk; fifths, unknown), alcohol (except for the analyses of
alcohol and risk; none, 1−5, 6−10, ≥ 11 drinks per week, unknown),
smoking (never, past, current 1–4, current 5–9, current <10, current
10–14, current 15–19, current 20–24, current 25–29, current ≥30
cigarettes per day, unknown), current use of hormonal therapy for
menopause (no, yes, unknown), and family history of large bowel
cancer (no or unknown, yes). Data were missing for fewer than 5% of
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women for each of the adjustment variables, with the exception of BMI
(6.8% missing data); to ensure that the same women were being
compared in all analyses the small number with a missing value for
each particular variable were assigned to a separate category for that
variable and included in the regression analysis. We used the
Benjamini-Hochberg approach to calculate the False Discovery Rate
(FDR) at 0.05 to account for multiple testing60. In total, 17 dietary
factors met the FDR threshold and these factors were selected for
further analyses.

Further analyses
Wecalculated thepairwise Pearson’s correlations between the 17 FDR-
significant dietary factors to inform our assessment of the likely
independence of their relationships with risk. We also examined the
associations of these 17 FDR-significant dietary factors with risk of
colorectal cancer by categories of intakes at baseline. To investigate
the potential role of confounding by lifestyle factors in the associa-
tions between these 17 dietary factors and colorectal cancer,
modelled as log-linear trends in risk across categories of baseline
intakes, we calculated the change in the log relative risk associated
with each of the 17 dietary factors after differing levels of adjustment
for potential confounders. We also investigated the degree to which
each of the 17 dietary associations were independent of the four
dietary factors that were either the most strongly related to risk
(calcium, dairy milk) or were foods that were substantially correlated
with the other dietary factors (fruit, and wholegrains), by assessing
the impact of further adjustment for each of these four factors
individually.

Dairy milk, and dietary calcium
To investigate the separate, independent associations of total dietary
calcium and dairy milk with the risk of colorectal cancer we used the
residuals method61. To do this, we first obtained the calcium and dairy
milk residuals from two separate linear regressions: one regression of
dietary calcium on dairy milk, and the other of dairy milk on dietary
calcium. The dietary calcium and dairy milk residual values were divi-
ded into quintiles. We then compared the associations between dairy
milk and colorectal cancer risk using the fully adjusted Cox regression
models used in themain analysis with andwithout adding the quintiles
of dietary calcium residuals using likelihood-ratio tests (LRT). The
same analysis was repeated for the association between dietary cal-
cium and colorectal cancer by adding and removing the dairy milk
residual quintiles. We additionally investigated the associations of
dietary calcium with risk of colorectal cancer according to whether it
was derived from dairy sources or non-dairy sources and compared
the associations using a test for heterogeneity.

Sensitivity analyses
Given that early symptoms of colorectal cancer could plausibly lead to
changes in diet many years before diagnosis, we conducted sensitivity
analyses restricted to women in self-reported excellent or good health
at baseline, and to risk of colorectal cancer in the period 5 or more
years after baseline to assess the likely impact of potential reverse
causation bias. We also examined potential differences in associations
by cancer sub-site including proximal colon, distal colon and rectum.
We further assessed associations between the 17 FDR-significant diet-
ary factors and colorectal cancer stratified by smoking status, BMI,
area-based deprivation and alcohol intake to investigate potential
confounding and differences by strata. Chi squared tests were used to
assess p for heterogeneity in associations by cancer sub-site and across
strata for each potential lifestyle confounder.

Mendelian randomisation (MR) using lactase polymorphism
Given the strong and consistent association of dairy products, dairy
milk, and calcium with a lower risk for colorectal cancer in previous

studies4 and in the present analysis, we further assessed evidence of
causality using MR. Dietary calcium intake does not have an estab-
lished genetic variant to estimate causal associations, but dairy milk
intake in populations of European ancestry is robustly predicted by
the SNP rs498823562 located in the MCM6 gene. This SNP is immedi-
ately upstream of the LCT gene that codes for the lactase enzyme
necessary to digest the lactose in dairy milk, and the “lactase persis-
tence” genotype is associated with persistence of intestinal lactase
production into adulthood63. Dairy milk intake is a large contributor
of calcium in European populations, with ~one third of all dietary
calcium coming from dairy milk in the Million Women Study, so
genetically predicted milk intake may also serve as an instrument for
calcium intake. We conducted a two-sample MR using a Wald ratio to
estimate the associations of SNP rs4988235 with risk for colorectal,
colon and rectal cancers. We assigned each additional genetically
predicted milk intake increasing allele an increment of 17.1 g/d of
dairy milk based on findings from a European cohort study including
~21,900 participants64, and then rescaled this increment to 200 g/d.
Summary statistics for the associations of the LCT variant (rs4988235)
with colorectal cancer were obtained from a GWAS of 99,152 partici-
pants (52,865 colorectal cancer cases and 46,287 controls). TheGWAS
data were from a meta-analysis within the ColoRectal Transdisci-
plinary Study, the Colon Cancer Family Registry, and the Genetics
and Epidemiology of Colorectal Cancer consortium (GECCO),making
this combined analysis the largest meta-analysis for colorectal
cancer in adults of European ancestry. Imputation was performed
using the Haplotype Reference Consortium r1.0 reference panel
and the regression models were further adjusted for age, sex, geno-
typing platform (when appropriate), and genomic principal
components62.

All of the statistical analyses in the present study were performed
using Stata statistical software 18.1 (StataCorp, College Station, TX)
and R 4.1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Information on data access is available at www.millionwomenstudy.
org/data_access/.GECCO collaborators and consortium members can
access the GECCO portal here: https://research.fredhutch.org/peters/
en/genetics-and-epidemiology-of-colorectal-cancer-consortium.html.

Code availability
The code for theMRanalysis in this study can be found: https://github.
com/karlsmithbyrne/Lactase_MR/tree/main.
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