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An umbrella review of the evidence associating diet
and cancer risk at 11 anatomical sites
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There is evidence that diet and nutrition are modifiable risk factors for several cancers, but
associations may be flawed due to inherent biases. Nutritional epidemiology studies have
largely relied on a single assessment of diet using food frequency questionnaires. We conduct
an umbrella review of meta-analyses of observational studies to evaluate the strength and
validity of the evidence for the association between food/nutrient intake and risk of devel-
oping or dying from 11 primary cancers. It is estimated that only few single food/nutrient and
cancer associations are supported by strong or highly suggestive meta-analytic evidence, and
future similar research is unlikely to change this evidence. Alcohol consumption is positively
associated with risk of postmenopausal breast, colorectal, esophageal, head & neck and liver
cancer. Consumption of dairy products, milk, calcium and wholegrains are inversely asso-
ciated with colorectal cancer risk. Coffee consumption is inversely associated with risk of liver
cancer and skin basal cell carcinoma.

TDepartment of Hygiene and Epidemiology, University of loannina School of Medicine, loannina, Greece. 2 Section of Nutrition and Metabolism, International
Agency for Research on Cancer, Lyon, France. 3 Department of Epidemiology and Biostatistics, School of Public Health, Imperial College London, London, UK.
4 Proteomics Facility, Center for Systems Biology, Biomedical Research Foundation of the Academy of Athens, Athens, Greece. ® Department of Preventive
Medicine and Population Health, University of Texas Medical Branch, Galveston, TX, USA. 6Department of Gut, Metabolism and Reproduction and
Department of Surgery and Cancer, Institute of Reproductive and Developmental Biology, Faculty of Medicine, Imperial College London, London, UK. 7 West
London Gynaecological Cancer Centre, Imperial College Healthcare NHS Trust, London, UK. 8 Center for Evidence-Based Medicine, Department of Health
Services, Policy and Practice, School of Public Health, Brown University, Providence, RI, USA. 9 Cancer Screening and Prevention Research Group (CSPRG),
Department of Surgery and Cancer, Imperial College London, London, UK. 10 Department of Epidemiology, Johns Hopkins Bloomberg School of Public Health,
Baltimore, MD, USA. "'Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, Baltimore, MD, USA. 2 Department of Urology and the James
Buchanan Brady Urological Institute, Johns Hopkins University School of Medicine, Baltimore, MD, USA. ®email: ktsilidi@uoi.gr

| (2021)12:4579 | https://doi.org/10.1038/s41467-021-24861-8 | www.nature.com/naturecommunications 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24861-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24861-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24861-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24861-8&domain=pdf
http://orcid.org/0000-0001-8481-579X
http://orcid.org/0000-0001-8481-579X
http://orcid.org/0000-0001-8481-579X
http://orcid.org/0000-0001-8481-579X
http://orcid.org/0000-0001-8481-579X
http://orcid.org/0000-0003-3158-7951
http://orcid.org/0000-0003-3158-7951
http://orcid.org/0000-0003-3158-7951
http://orcid.org/0000-0003-3158-7951
http://orcid.org/0000-0003-3158-7951
http://orcid.org/0000-0002-7165-0735
http://orcid.org/0000-0002-7165-0735
http://orcid.org/0000-0002-7165-0735
http://orcid.org/0000-0002-7165-0735
http://orcid.org/0000-0002-7165-0735
http://orcid.org/0000-0003-3676-8954
http://orcid.org/0000-0003-3676-8954
http://orcid.org/0000-0003-3676-8954
http://orcid.org/0000-0003-3676-8954
http://orcid.org/0000-0003-3676-8954
http://orcid.org/0000-0002-8452-8472
http://orcid.org/0000-0002-8452-8472
http://orcid.org/0000-0002-8452-8472
http://orcid.org/0000-0002-8452-8472
http://orcid.org/0000-0002-8452-8472
mailto:ktsilidi@uoi.gr
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

ancer is one of the most frequent causes of morbidity and &
mortality worldwide, and 18.1 million incident cases and =) o
9.6 million deaths were estimated for 2018!. The World ] o2 .;SE
Cancer Research Fund (WCRF) Third Expert Report concluded £3|. = g8 S84
that diet and nutrition, including obesity and low physical il e ee =
activity, are modifiable risk factors for several cancers?. However, S
reported meta-analytic estimates from observational studies N
might not represent causal associations but may emerge due to = - N =
biases common across studies, such as exposure measurement ) ° Re 5
. . . . . e - O o - m N
error, residual confounding, and publication bias, subsequently 2 g |z T NN
diminishing the strength of aggregated scientific evidence3=>. H —
Nutritional epidemiology is particularly prone to measurement .: § <
error, as the consumption of foods and nutrients is based on = . 82 in
participants’ self-reported data often provided at single point in € 8 |, 9 26 8%
time and the conversion of foods consumed into nutrient intake T & [° od B U
is based on food composition databases that might be inaccurate®. H s
An evaluation of the robustness of this evidence is required to 9 = 2
inform public health policy. Therefore, we conducted an umbrella ] N = 5
review to systematically evaluate the robustness of the observa- 1;’ £ |, ~ §~§ g
tional meta-analytic evidence across a large number of food and : M A S Fwoae
nutrient associations with risk of cancer at 11 anatomical sites. = §
We further evaluated whether additional research is or is not % S 5
warranted to change the inferences from the existing meta- -} 35 e
analyses using an adaptation of research synthesis methods. H £ s N
Y g p yn o 5 (I . 5% 2=
Here we show that only few single food/nutrient and cancer - = e s el
associations are supported by strong or highly suggestive meta- S 8
analytic evidence, and future similar research is unlikely to £ o
change this evidence. = 3 00 ]
g 3 R ¥
€t 3 we 2N 3R
Results = o o~ N~ MmN M m
Characteristics of the meta-analyses. Overall, 860 meta-analytic .g §
comparisons were included. Most meta-analyses (n =779; 91%) £ 3
used a continuous exposure contrast, whereas only 81 used a - i ~
dichotomous contrast (top versus bottom category or use versus § . < r‘ﬁg 9
no use) (Supplementary Data 1 and 2). The summary descriptive ° é’ o] <% B = §§
characteristics of the included meta-analyses by cancer type are 'GE, °
presented in Table 1. Associations for colorectal cancer (CRC) & Q ~
and breast cancer had the largest number of meta-analyses (N = T E & S
221 and 163, respectively) followed by lung and stomach cancers § § - g9 .8
(N'=144 and 122, respectively). The median number of cancer 8 S |& o g8 B
cases in a meta-analysis ranged from 388 for gallbladder cancer to 2 "
4526 for breast cancer. The median number of individual studies = R g
within a meta-analysis ranged from 2.5 for gallbladder cancer to 6 H - 3 2 =
for CRC and breast cancer, and the overall minimum number of = B @2 o %
individual studies was 2 and the maximum was 33. The summary & 5 N & QY 24 |3
s s . > 7] - <N 0N == <4
descriptive characteristics of the included meta-analyses by type ° g
of dietary exposure are presented in Supplementary Data 3. § % g
Associations for fruits/vegetables and alcohol had the largest = . e -
number of meta-analyses (N=184 and 141, respectively) fol- E g o 3 f
lowed by meat/eggs and beverages (N = 118 and 70, respectively). s £ R3S b e
The median number of individual studies within a meta-analysis g 2 |2 W Sg 38 %
was 5 and was similar for different dietary exposures with the o ~ B
exception of fats/fatty acids, where the median was 11. The s % = s
overall median number of cancer cases in a meta-analysis was S @ @ 3
2152 and ranged from 1038 for phytochemicals to 9955 for fiber. 8 o 2 5
Z 3 g 2% 9% 4§
! — O [@3No] c
Summary effects and heterogeneity between studies. Of the 860 A Yeonm o R g
meta-analyses, 247 (29%) were nominally statistically significant ¢ " 5 < P
(P <0.05) based on the random-effects model. The percentage of s Ex é o B
nominally significant meta-analyses ranged from 0% for gall- T 3 |lo 8 g €99 $S':T 2
bladder cancer (which had only two available meta-analyses) to 3 P |3 ém 4§98 gRN i
74% for head and neck cancer (Table 2) and from 0% for e 5 e ,Be .Bc o
legumes/soy products to 54% for alcohol and 67% for grains 9 g §g‘§ gg§ gg% 2|8
(which had only three available meta-analyses) (Supplementary | ® ESSES £E= c£E> £ |2
. — = ZEsZ =z =z =z | K
Data 4). At the stricter P value threshold of 1073, only 75 (9%)
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Table 2 Number and percentage of meta-analyses overall and by cancer type that meet the individual and the overall criteria used for the grading of the evidence on diet and

cancer risk.

Criterion

2 (10)
6 (30)
10 (50)
7 (35
8 (40)
2 (10)

12 (5.4)
24 (10.9)
69 (31.2)
44 (20)
15 (52.0)
22 (10)

0 (0)

2 (1.6)
19 (15.6)
25 (20.5)
77 (63.1)

4(33)

P value <10-6, n (%)
P value <1073, n (%)
P value <0.05, n (%)

12>50%, n (%)
12 <25%, n (%)
Prediction interval

3(7.0)
0 (0
41 (95.4)
2(4.7)
0 (0)

0 (0

0 (0)

522)
3(7.3)
34 (82.9)
7Q7.)
0 (0)
0 (0)
0 (0)

6 3.7)
20 (12.3)

4(2.2)

20D

19 (13.2)
32 (22.2)

0 (0
0 (0

2 (10)
6 (30)

13 (5.9)
23 (10.4)
152 (68.8)
46 (20.8)
11 (5.0)
4 (1.8)
8 (3.6)

7 (5.4)
12 (9.8)
103 (84.4)
17 (13.9)
2 (1.6)
0 (0)

0 (0)

7 (14.9)
6 (12.5)

5(13.2)
15 (39.5)

9 (8.0)

121 (14.0)

6
bSmall study bias is based on the P value from the Egger's regression asymmetry test (two-sided P value <0.1) and the random-effects summary estimate was larger compared to the point estimate of the largest study in a meta-analysis.

CExcess significance bias is based on the P value (two-sided P value <0.1) of the excess significance test using the largest study (smallest standard error) in a meta-analysis as the plausible effect size.

aThis report presents results for cancers of mouth, pharynx, larynx, and upper aerodigestive tract.

significance bias, n (%)

Overall grading
Highly suggestive, n (%)

Evidence of small study
Strong, n (%)

excluding the null, n (%)
biasb, n (%)
Not significant, n (%)

Weak, n (%)
Suggestive, n (%)

Evidence of excess

meta-analyses showed significant results, whereas only 25 (3%)
meta-analyses remained significant at a threshold of 107°
(Table 2).

Approximately one fourth (26%) of the included meta-analyses
had high heterogeneity (I* > 50%). Head and neck cancer had the
largest proportion of meta-analyses with high heterogeneity
(40%) that was substantially reduced after excluding a pooling
project of case—control studies, whereas gallbladder cancer had no
meta-analysis with high heterogeneity followed by CRC and
stomach cancer with 20% each (Table 2). Associations for energy/
sugars and vitamin D had the largest proportion of meta-analyses
with high heterogeneity (50% each) followed by alcohol (43%)
(Supplementary Data 4). The proportion of meta-analyses with
little evidence of heterogeneity (I2<25%) was >52%. However,
only 46 (5%) associations had a 95% prediction interval that
excluded the null value (Table 2).

Small study effects and excess significance bias. Sixty-nine (8%)
meta-analyses showed evidence of small study effects bias
(Table 2), which was highest for salt/salty foods (25%; only 4
available meta-analyses) followed by alcohol (16%) and fruits/
vegetables (13%) (Supplementary Data 4). Additionally, the
proportion of meta-analyses showing evidence of excess sig-
nificance bias was 14% and ranged from 0% for urinary bladder
and gallbladder cancers to 40% for head and neck cancer
(Table 2) and was highest for associations that involved alcohol
(35%) and salt/salty foods (50%) (Supplementary Data 4).

Grading of the evidence. Only 10 meta-analyses (1.2%) were
supported by strong evidence (Figs. 1 and 2 and Supplementary
Data 1 and 2), and represented associations for the following
dietary intakes and risk of CRC and breast cancer: alcohol (n =5
associations), dietary calcium (n=1), dairy products (n=2),
milk (n = 1), and whole grain products (n = 1). Specifically, total
alcohol consumption was positively associated with risk of CRC
(summary relative risk (RR) per 10 g/day [~1 drink], 1.07; 95%
confidence interval (CI), 1.05-1.08), and identical associations
were observed for beer consumption and CRC and total alcohol
consumption with colon cancer risk. Consumption of dairy
products (RR per 400g/day [~2 servings], 0.87; 95% CI,
0.83-0.90), milk (RR per 200 g/day, 0.94; 95% CI, 0.92-0.96),
calcium (RR high versus low, 0.83; 95% CI, 0.79-0.87), and whole
grains (RR per 90 g/day [~3 servings], 0.84; 95% CI, 0.78-0.90)
was inversely associated with risk of CRC. Total alcohol con-
sumption (RR per 10 g/day, 1.12; 95% CI, 1.09-1.15) and simi-
larly wine consumption were positively associated with risk of
postmenopausal breast cancer among current users of meno-
pausal hormone therapy and postmenopausal breast cancer,
respectively.

Thirteen meta-analyses (1.5%) presented highly suggestive
evidence (Figs. 1 and 2 and Supplementary Data 1 and 2), and
most pertained to alcohol (n=29), followed by coffee (n=2),
fruits (n = 1), and vegetables (n =1). Alcohol consumption was
positively associated with different subtypes of breast cancer and
CRC, esophageal cancer in men (RR per 10 g/day, 1.33; 95% CI,
1.22-1.46), head and neck cancer (RR for oral cancer, 1.15; 95%
CI, 1.09-1.22; RR for upper aerodigestive tract cancer, 1.18; 95%
CI, 1.11-1.26), and liver cancer mortality (RR, 1.02; 95% CI,
1.01-1.03). Coffee consumption was inversely associated with risk
of liver cancer (RR per 1 cup/day, 0.85; 95% CI, 0.81-0.90) and
skin basal cell carcinoma (RR, 0.95; 95% CI, 0.94-0.97), and
intake of fruits and vegetables was inversely associated with risk
of pharyngeal (RR high versus low, 0.60; 95% CI, 0.52-0.70) and
oral cancer (RR high versus low, 0.68; 95% CI, 0.60-0.77),
respectively. When we excluded a pooling project of 20
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Fig. 1 Scatter plot showing results from the umbrella review grading the evidence on diet and cancer risk. The Y-axis shows the strength of the
evidence. The upper half displays associations that increase cancer risk (in red), whereas the bottom half shows associations that reduce cancer risk (in
green). The different point symbols and color intensity represent the different levels of evidence grading. Points colored in gray denote no statistically
significant associations. The X-axis corresponds to the different cancer sites. BCC basal cell carcinoma, MHT menopausal hormone therapy, UADT upper

aerodigestive tract.

case—control studies from the meta-analyses of dietary factors
with risk of head and neck cancer, we observed an attenuation of
the evidence for most of the results (Supplementary Data 1). The
protective association of fruit consumption on pharyngeal cancer
was no longer statistically significant, and the inverse association
of vegetables and oral cancer was downgraded to weak evidence.
Among the associations supported by strong or highly suggestive
evidence, the majority of individual studies in each respective
meta-analysis had adjusted for smoking (67-100%) and adiposity
(67-95%), but adjustment for physical activity was less frequently
conducted (5-79%) (Supplementary Data 2).

Forty-two (4.9%) meta-analyses had suggestive evidence, 18 of
which pertained to associations that already received strong or
highly suggestive evidence but were performed for different types
of the same exposure and/or different subtypes of same outcome
(Fig. 1 and Supplementary Data 1 and 2). Notable additional
associations that received suggestive evidence were: (i) positive
associations of red and/or processed meat consumption and risk
of CRC (n =75 associations; RR for processed meat per 50 g/day
and CRC, 1.16; 95% CI, 1.08-1.26; RR for red/processed meat per
100 g/day and colon cancer, 1.19; 95% CI, 1.10-1.29), (ii) inverse
associations of total dietary (RR per 10g/day, 0.95; 95% CI,
0.93-0.98) and soluble fiber (RR, 0.75; 95% CI, 0.63-0.88) and
risk of breast cancer, (iii) inverse associations of serum retinol
and a-carotene concentrations and fruit, folate, and vitamin C
consumption with risk of lung cancer, (iv) positive associations of
alcohol and red/processed meat with lung cancer, (v) inverse
association of coffee consumption and melanoma risk in women,
(vi) positive associations of alcohol consumption and serum
vitamin D with basal cell carcinoma of skin, and (vii) positive

associations for pickled vegetables and salty foods and risk of
stomach cancer. A total of 182 meta-analyses (21%) were
supported by weak evidence, and the remaining 613 (71%)
meta-analyses did not have nominally statistically significant
findings.

Number of additional studies needed to change current meta-
analytic evidence. Among the 65 meta-analyses that achieved
strong, highly suggestive, or suggestive evidence, the median fail-
safe number (FSN) was 23 (range: 4-159) for meta-analyses with
suggestive evidence, 111 (range: 38-856) for highly suggestive and
67 (range: 32-369) for strong evidence (Supplementary Data 1).
The FSN was always larger than the number of studies included
in the current meta-analyses for these evidence categories, sug-
gesting that the addition of only a likely implausible number of
further studies could drive the statistically significant summary
estimates to null. For the 182 meta-analyses that were supported
by weak evidence, the median FSN was 4 (range: 1-42), and the
FSN was smaller than the number of studies included in the
current meta-analyses for 105 comparisons, further supporting
their weak evidence for association.

The majority of the 613 non-statistically significant meta-
analytic comparisons required >10 additional studies to achieve at
least 80% conditional power (CP) to detect a statistically
significant summary estimate using either the random-effects
estimate (479; 78%) or the estimate of the largest study (473; 77%)
(Supplementary Data 1), suggesting potential futility of additional
research. Only in 28 (5%) associations, the estimated number of
additional studies that could provide sufficient power to drive
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Fig. 2 Forest plot showing results that achieved strong or highly suggestive evidence from the umbrella review on diet and cancer risk. Data are
presented as relative risks and 95% confidence intervals. BCC basal cell carcinoma, MHT menopausal hormone therapy, UADT upper aerodigestive tract.

summary estimates to nominal significance was less than the
number of studies included in the current meta-analyses,
suggesting further study could change inferences (Supplementary
Data 5). These associations pertained mostly to understudied
cancers, namely, esophageal (citrus fruits), stomach, (processed
meat, egg, non-fermented soya, coffee), rectal (red/processed
meat, poultry, fiber, serum folate), kidney (red/processed meat,
fruits, vegetables, tomatoes, coffee), and urinary bladder (vege-
tables), and fewer associations were reported for colon (folate
[CRC], glycemic load, tea), lung (vegetables, egg), and breast (fat,
coffee, vegetables, folate, plasma a-carotene) cancer.

Discussion

Main findings. We reviewed 860 meta-analyses from the WCRF
Third Expert Report to evaluate the quality of evidence for
associations between a large range of dietary factors and risk of
cancer at 11 anatomical sites. Ten associations were supported by
strong meta-analytic evidence inferred by strongly statistically
significant results and no suggestion of bias. These associations
were between alcohol consumption and higher risk of CRC and
breast cancer, as well as between calcium, dairy, and whole grain
products and lower risk of CRC. Thirteen associations were
supported by highly suggestive evidence, and most pertained to
alcohol and higher risk of cancers of the colon, rectum, esopha-
gus, head and neck, and liver. Additionally, consumption of
coffee was inversely associated with risk of liver and skin basal cell
carcinoma, and intake of fruits and vegetables were inversely
associated with head and neck cancer risk.

Several dietary factors have been clearly associated with risk of
obesity, type 2 diabetes, and cardiovascular disease’. Although
nutrition-related factors, such as obesity and lack of physical
activity, are established risk factors for several cancers®%9, the
association of specific dietary factors with cancer risk is less well
recognized and potentially biased due to exposure measurement

error and reporting biases'®!1. The extent to which this literature
is affected by biases is difficult to prove. We used statistical tests
and sensitivity analyses to look for evidence of bias. Overall, a
large number of meta-analyses (N = 860) was evaluated, but they
contained on average relatively few studies (median=5) and a
moderate number of cancer cases (median = 2152). Less than
30% of the included associations on diet and cancer risk reported
a nominally statistically significant summary random-effects
estimate. When a lower P value threshold (P < 1079) was used,
the proportion of significant associations decreased to 3%,
indicating potential dearth of existing robust associations.
Approximately 1 in 4 associations showed large heterogeneity
(I2>50%). When we calculated the 95% prediction intervals,
which further account for heterogeneity, we found that the null
value was excluded in only 5% of the associations, an estimate
that was mostly driven by the low percentage of nominally
significant meta-analyses. Moreover, in 8% of the associations the
summary estimates were inflated due to small study effects and in
15% the observed number of significant results was larger than
the expected, indicating that the risk of reporting and other biases
in this literature is relatively low, yet these tests had low power, as
many meta-analyses included a small number of studies. The
latter summary description of the robustness of the evidence
seems to apply for most dietary exposure categories and cancer
outcomes, with one notable exception. A larger proportion (11%)
of alcohol and cancer associations (compared to other diet-cancer
associations) is supported by strong statistical evidence, but
potential evidence for existence of bias is also present in the
alcohol and cancer associations shown by larger likelihoods of
high heterogeneity, small study effects, and excess significance
bias. When the FSN and CP research synthesis metrics were used,
they indicated that additional similar research is unlikely to
change current evidence for most associations with few excep-
tions that pertained mostly to currently observed null associations
between dietary factors and understudied malignancies.
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Comparison with other evidence gradings. Our grading of the
evidence suggested that there are a limited number of dietary
factors that are robustly associated with specific cancers, which
agrees with the evidence grading performed independently by the
WCRF2, Specifically, most associations that were supported by
strong or highly suggestive evidence in the current umbrella
review were also supported with convincing evidence by WCREF.
Exceptions were the inverse associations of coffee consumption
with skin cancer and fruit and vegetable consumption with head
and neck cancer, which received limited suggestive evidence by
WCREF and highly suggestive evidence in this umbrella review,
but the majority of the evidence for associations with head and
neck cancer stemmed from case-control studies. There were a few
associations that received convincing evidence grading by WCRF
but were ranked lower in the current umbrella review. Specifi-
cally, we graded the consumption of red and/or processed meat
with risk of CRC and salty foods with stomach cancer risk with
suggestive evidence, because they had summary association P
values of approximately 107* and did not reach the strict
threshold of 107°. The recent evaluation of the literature for the
health effects of red and processed meat consumption conducted
by the NutriRECS consortium yielded very similar (to this
umbrella review) positive associations for red/processed meat and
CRC risk!2 but graded the certainty of evidence as low, because
they used the GRADE system to assess quality of evidence where
evidence from observational studies is ranked lower compared to
randomized controlled trials (RCTs)!3. The associations of alco-
hol intake with risk of kidney and stomach cancer were graded
with weak evidence in the current umbrella review, because they
had summary P values of 1072 and 1073 but also high between-
study heterogeneity and evidence of excess significance bias. The
association of alcohol consumption with risk of premenopausal
breast cancer was graded with convincing evidence by WCREF, but
this assessment did not consider a more recent pooled analysis
that rendered the overall association as not significant!4.

It has been estimated that diet and nutrition could account for
20-25% of the worldwide cancer burden!>!6. The obesogenic
effects of a high calorie diet and lack of physical activity could
account for about 10-15% of the cancer burden, whereas about
5% may be attributable to alcohol and another 5% to specific
dietary factors combined (e.g., red meat, whole grains,
calcium)!>16, The current umbrella review supports the notion
that there are a limited number of energy-balance independent
dietary factors that are robustly associated with cancer risk.
However, it is critical to continue and enhance research efforts
and investments in this field, because diet is a ubiquitous
exposure and changes in diet may modify cancer risk. The
conduct of nutritional epidemiologic research on cancer has
many limitations and challenges. Cancer is a group of diseases
with long latency periods, but assessment of dietary intakes is
usually performed only at one or at few time points in several
well-established cohort studies, which may lead to underestima-
tion of some diet and cancer associations. In addition, previous
research has mostly focused on studying associations of single
nutrients and foods, for which it may be difficult to decipher their
independent effects and may not be biologically important in
isolation, but synergistic effects of numerous foods into overall
dietary patterns may matter more.

Current evidence and mechanisms. There is ample evidence in
agreement with the results of the current umbrella review sug-
gesting that alcohol is a major risk factor for several cancers,
including breast, CRC, esophageal, head and neck, and liver
cancer>!”. Biological mechanisms linking alcohol consumption to

breast cancer would mainly involve altered circulating and
intracellular estrogen concentrations and subsequent proliferation
of estrogen receptors (ER) in mammary epithelial cells!8. More
specifically, alcohol consumption has been associated with
increased circulating estrogen and androgen concentrations in
observational studies and RCTs, and ethanol promotes the pro-
liferation of ERT but not ER™ breast cancer cells leading to a
10-15-fold increase in the transcriptional activity of ERIS,
Chronic alcohol intake has been further associated with oxidative
stress, intestinal dysbiosis, and hyperpermeability to luminal
bacterial products, which may lead to the development of
CRC!-21, alcoholic liver disease, and liver cancer. The direct
carcinogenic effects of acetaldehyde and its metabolites is another
potential mechanism for cancer onset, as acetaldehyde rapidly
binds to DNA and proteins and produces DNA adducts, which
results in DNA point mutations!8.

The current literature supports an inverse association between
consumption of dairy foods and CRC risk??, in agreement with
the results of the current umbrella review. Dairy products may
lead to lower CRC risk due to their high calcium concentration®3;
calcium forms in the colonic lumen insoluble soaps by binding to
tumor-promoting free fatty acids and bile acids?l?%. Other
pathways include regulation of cell proliferation, differentiation
and apoptosis through the preservation of intestinal epithelial cell
integrity, and maintenance of immune homeostasis in the gut?!.
Apart from the role of calcium, studies have shown that lactic
acid bacteria may absorb mutagens from cooked foods, deactivate
intestinal carcinogens, and reduce intestinal inflammation?!-2>.

The current umbrella review found strong evidence to support
the inverse association of whole grain products and CRC risk.
Whole grain products are rich in dietary fiber and other nutrients
and substances with potential anticancer properties26-27, Studies
have shown that consumption of whole grains reduce fasting
insulin concentrations, which is an established risk factor for
CRC?L. In addition, dietary fiber shortens the bowel transit time,
dilutes the colonic contents, and promotes the anaerobic
fermentation of the intestinal bacteria?$2®. As a result, the
carcinogenic substances are in contact with epithelial cells for a
short period of time, while short chain fatty acids like butyrate are
produced that reduce the conversion of primary bile acids to
secondary and also inhibit cell proliferation and promote cell
apoptosis28-29,

Coffee is one of the most commonly consumed beverages at a
global level and its association with several outcomes has been
extensively investigated30. We found highly suggestive evidence
that coffee intake was inversely associated with risk of liver and
skin basal cell carcinoma. The beneficial effects of coffee
consumption might be due to the antioxidant and anti-
inflammatory properties of its phytochemical compounds that
may protect against diseases triggered by inflammation like
cancer?0. Additionally, coffee consumption has been linked with a
better profile of markers of liver injury that could be another
mechanism though which coffee may lower liver cancer risk3!-32.

Strengths and weaknesses. We applied several statistical criteria
and sensitivity analyses to evaluate the strength and validity of the
evidence for the association between food and nutrient intake and
risk of 11 cancers using the most extensive systematic review to
date from the WCRF Continuous Update Project (CUP). Several
different methods exist for rating quality of evidence33, but they
are inconsistent and allow some degree of arbitrariness. The
criteria we used for grading evidence should not be considered
causal criteria, especially when used individually, but we think
that they are useful for identifying biases when used together.
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We further applied two established research synthesis metrics, the
CP and FSN, to determine whether or not further research can
provide a meaningful contribution to the existing meta-analytic
evidence in an effort to guide the future research agenda and
public health policy. The application of these metrics should not
be interpreted as stopping research altogether but rather to focus
future research to address current evidence gaps.

Important limitations should also be considered in the
interpretation of our findings. Our review relied on already
published studies that were included in the meta-analyses
performed by the WCRF CUP through 2018. Some studies may
have been missed, although this is unlikely given the extensive
literature search conducted. We evaluated all study-specific
results that were reported in the meta-analyses, namely, primary
cancer incidence and/or mortality, histological and anatomical
cancer subtypes, and analyses by sex, menopausal status,
smoking, and hormone replacement therapy, but we may have
missed other sub-analyses that were not reported with sufficient
study-specific data.

In addition, the current umbrella review was based on results
derived only from observational studies. Evidence from RCTs is
essential to identify potential causal associations in epidemiology.
However, there is a lack of adequately powered RCTs in the field
of nutritional epidemiology, and those that do exist have in
general failed to support protective associations>-37. Further-
more, RCTs in this field need better strategies to monitor and
enhance adherence and a long duration of follow-up appropriate
for cancer outcomes, which can pose serious challenges for their
conduct!®38,

Another important issue is that observational studies in
nutritional epidemiology have largely relied on food frequency
questionnaires (FFQs) to measure the consumption of the
different dietary factors (most studies are in European-descent
populations) and a small percentage of studies have included
other methods such as 24-h recalls usually in combination with
an FFQ. However, this approach is prone to measurement error,
especially in the case of assessing intake of non-habitually
consumed items (e.g., red meat, citrus fruit), which in prospective
studies usually results in risk estimates attenuated toward the null
and a loss of statistical power?®. There is also the issue of
estimating the intake of dietary factors (e.g., fiber) that not only
depends on multiple episodically consumed food items but also
on nutrient databases that may further contribute to measure-
ment error. Furthermore, if the statistical models are adjusted for
additional factors, such as additional dietary variables, that are
also measured imprecisely, the risk estimates may become
attenuated, inflated, or can even change direction3%49.

Several methods have been proposed to reduce measurement
issues in assessing dietary intake. The first approach includes the
use of reference methods, such as the 24-h recall*l. However,
multiple measurements, up to 6 days for less frequently
consumed foods, are needed to get a more precise and correct
assessment of an individual’s usual intake*!42. The use of mobile
phone pictures of all foods consumed and image recognition
software for the analysis regarding type of food and amount could
be a wuseful future tool, but this method is still under
development#3. The second option is the use of biomarkers of
intake either directly in the analysis or as a calibration tool for the
self-reported assessments*+#>. Unfortunately, there is currently a
limited number of such biomarkers, and therefore there is a big
need for additional biomarkers to be identified, probably through
high-dimensional metabolomic profiling or other omics
platforms#® Calibration of the biomarker to the true intake
would be also required within a feeding study to obtain unbiased
estimates*>47.

Finally, the statistical tests we used to assess bias do not prove
its definitive presence or its exact source. However, our estimates
are likely to be conservative, as a negative test does not exclude
the potential for bias.

Summary and implications. The association between diet and
risk of cancer has been extensively studied. Taking into account
the inclusion of only observational studies and the limitations of
the dietary assessment methods that may bias risk estimates, we
found strong or highly suggestive evidence to support: (a) the
positive association of alcohol consumption and risk of colon,
rectum, breast, esophageal, head and neck, and liver cancer, (b)
the inverse association of calcium, dairy, and whole grain con-
sumption and risk of CRC, and (c) the inverse association of
coffee consumption and risk of liver and skin basal cell carci-
noma. Other associations could be genuine, but substantial
uncertainty remains. Additional similar research is unlikely to
change current evidence for most associations with few excep-
tions that pertained mostly to currently observed null associations
between single dietary factors and understudied malignancies.
Future research should instead focus on new and improved
methods (e.g., repeated web-based dietary records, biomarkers of
nutritional status) to measure the time-varying nature of nutri-
tion, the role of early life diet, the assessment of overall diet
patterns, the investigation of the biological processes involved in
the diet-cancer associations, the study of molecular cancer sub-
types and outcomes after cancer diagnosis, and the interaction of
diet patterns with the rest of the exposome (e.g., environment,
behavior, genome, metabolome, proteome, epigenome, gut
microflora, etc.). For public health and policy, efforts should be
targeted to deter the known major diet-related risk factors for
cancer, particularly obesity and alcohol consumption.

Methods

Data extraction. Data was extracted from the WCRF Third Expert Report?, which
is one of the most rigorous and systematic analysis of the scientific research on the
associations of diet, nutrition, adiposity, and physical activity with risk of cancer
development and survival. We focused on meta-analyses investigating the asso-
ciation of all diet-related exposures and risk of cancer development or death at 11
anatomical sites (i.e., head and neck [mouth, pharynx, larynx], esophageal, sto-
mach, CRC, liver, gallbladder, lung, skin [any type, including melanoma, basal call,
and squamous cell carcinomas], breast [female], kidney, and urinary bladder), the
meta-analyses of which were conducted by WCRF CUP since 2015. The WCRF
systematic review for cervical cancer was published in 2018 but did not include
meta-analyses for dietary variables and was thus excluded from the current
paper®3. The relevant umbrella reviews for prostate and endometrial cancer*® have
been published separately>’, and WCRF meta-analyses for pancreatic and ovarian
cancers were conducted in 2011 and 2013°1>2 and were considered outdated and
not included in the current assessment.

The literature search for the WCRF CUP reports was conducted in MEDLINE,
and primarily prospective cohort studies, which are considered to represent the
highest level of observational evidence, were included in the meta-analyses?.
Case-control studies were included only in the meta-analyses for head and neck
cancer®4, RCTs were retrieved, but they were too few and the assessed
interventions were usually irrelevant to specific dietary intakes; therefore, they were
not included in the WCRF CUP meta-analyses. More details on the literature
search strategy, search terms, and inclusion/exclusion criteria of the WCRF CUP
reports are provided in Supplementary Information.

For all the meta-analyses present in the WCRF reports, we extracted the
following information at the meta-analysis level: dietary factor, contrast of
comparison, and cancer outcome. At the individual study level, we extracted the
first author’s surname, year of publication, sex, number of cases and total cohort
size (or controls), study design, RRs, and 95% CIs. When this information was not
available in the WCRF CUP meta-analyses, it was extracted from the individual
studies. Eight authors (N.P., E.C,, CK, S.A,, M.Z,, ].CK,, VK, and A.P.)
performed the data extraction, which was verified independently by four authors
(N.P,, GM,, AK, and E.C.) and any disagreements were resolved by discussion.

The appraisal of the evidence was based primarily on comparisons with a
continuous exposure contrast, as it was considered a more standardized way of
presenting and synthesizing estimates from individual studies. For associations
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where the WCRF CUP reports provided results only in the form of top versus
bottom or use versus no use comparisons, we used this information instead.

Data analysis

Estimation of summary effects and heterogeneity. We used a random-effects model
to estimate the summary associations and the 95% Cls for each dietary factor and
cancer comparison®®. The between-study heterogeneity was quantified with the I
statistic®®. To take further into account the heterogeneity among studies, we also
estimated the 95% prediction intervals, representing the range in which the effect
estimate from a future study addressing the same association is expected to lie>”.
Substantial inconsistency could reflect either genuine heterogeneity between studies
or bias.

Assessment of small study effects and excess significance bias. We evaluated whether
there was an indication of inflated summary estimates due to small study effects®S,
by applying the Egger’s regression asymmetry test>”. We considered as an indi-
cation of small study effects when the Egger’s P value was <0.10 and the point
estimate of the largest study (smallest standard error) in the meta-analysis was
smaller in magnitude than the summary estimate. We examined whether the
observed number of studies with nominally statistically significant results (P value
<0.05) within a meta-analysis differed from the expected®. The expected number
of significant results in each meta-analysis was estimated from the sum of the
statistical power estimates for each individual study, using an algorithm from a
non-central ¢ distribution and the estimate of the largest study in each meta-
analysis as the plausible effect size for the tested association®l. A P value <0.10
indicated evidence of excess significance.

Grading of the evidence. Meta-analyses showing nominally significant associations
were categorized into four evidence groups, namely, strong, highly suggestive,
suggestive, and weak evidence, as previously detailed®>¢3. Briefly, associations were
considered to be supported by strong evidence if all the following criteria were met:
the meta-analysis included >1000 cancer cases, a threshold that provides 80%
power for hazard ratios 21.20 (& = 0.05, Supplementary Fig. 1); the random-effects
model had a P value <1076 (under the assumption that the tests of statistical
significance of the effect in each meta-analysis were valid), a threshold that might
substantially reduce false positive findings in a field where low prior probability
exists that any single food/nutrient is associated with cancer®-%; absence of high
heterogeneity (I2 < 50%); 95% prediction intervals excluded the null value; no
evidence of small study effects and excess significance bias. Associations supported
by highly suggestive evidence had meta-analyses with >1000 cases; a random-
effects P value <107°, and the largest study in the meta-analysis was nominally
statistically significant. Associations based on meta-analyses with more than 1,000
cases and a random-effects P-value <103 64-%0 were categorized as suggestive
evidence. The remaining nominally significant associations were graded as weak
evidence. We further evaluated the percentage of individual studies in each major
(not for food subgroups and cancer subtypes) meta-analysis that adjusted for age,
sex (except for breast cancer), smoking, adiposity, and physical activity.

Calculation of CP and FSN. To determine whether or not further similar research
in diet and cancer may provide a meaningful contribution to the existing evidence,
we adapted research synthesis metrics, the FSN and CP. For the nominally non-
statistically significant meta-analyses, we quantified the number of future studies
(of average weight as those included in the observed meta-analysis) required to
achieve a CP of at least 80% to detect a nominally statistically significant effect size
equal to the observed meta-analytic summary estimate assuming that the hetero-
geneity of the updated meta-analysis did not change®”-68. We further applied the
CP approach using the effect of the largest study in the observed meta-analysis as
an alternative estimate. For the nominally statistically significant meta-analyses, we
determined the number of future studies of average null effect and average weight
needed to detect a non-statistically significant summary estimate by calculating
Rosenberg’s FSN©?.

All data were collected in MS Office 365 and the statistical analyses were
conducted using Stata version 14 and R version 4.03.

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

Disclaimer. Where authors are identified as personnel of the International Agency
for Research on Cancer/World Health Organization, the authors alone are
responsible for the views expressed in this article and they do not necessarily
represent the decisions, policy, or views of the International Agency for Research
on Cancer/World Health Organization.
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