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INTRODUCTION

The potential relationship between red meat consumption and colorectal cancer (CRC) has been the subject
of scientific debate. Given the high degree of resulting uncertainty, our objective was to update the state of the
science by conducting a systematic quantitative assessment of the epidemiologic literature. Specifically, we
updated and expanded our previous meta-analysis by integrating data from new prospective cohort studies and
conducting a broader evaluation of the relative risk estimates by specific intake categories. Data from 27
independent prospective cohort studies were meta-analyzed using random-effects models, and sources of
potential heterogeneity were examined through subgroup and sensitivity analyses. In addition, a comprehensive
evaluation of potential dose-response patterns was conducted. In the meta-analysis of all cohorts, a weakly elevated
summary relative risk was observed (1.11, 95% CI: 1.03-1.19); however, statistically significant heterogeneity was
present. In general, summary associations were attenuated (closer to the null and less heterogeneous) in models
that isolated fresh red meat (from processed meat), adjusted for more relevant factors, analyzed women only, and
were conducted in countries outside of the United States. Furthermore, no clear patterns of dose-response were
apparent. In conclusion, the state of the epidemiologic science on red meat consumption and CRC is best
described in terms of weak associations, heterogeneity, an inability to disentangle effects from other dietary
and lifestyle factors, lack of a clear dose-response effect, and weakening evidence over time.

Key Teaching Points:

e The role of red meat consumption in colorectal cancer risk has been widely contested among the scientific
community.

e In the current meta-analysis of red meat intake and colorectal cancer, we comprehensively examined
associations by creating numerous sub-group stratifications, conducting extensive sensitivity analyses, and
evaluating dose-response using several different methods.

Overall, all summary associations were weak in magnitude with no clear dose-response patterns.

Interpretation of findings from epidemiologic studies investigating diet and health outcomes involves
numerous methodological considerations, such as accurately measuring food intake, dietary pattern
differences across populations, food definitions, outcome classifications, bias and confounding,
multicollinearity, biological mechanisms, genetic variation in metabolizing enzymes, and differences in
analytical metrics and statistical testing parameters.

The role of red meat consumption in colorectal cancer
(CRC) risk has been widely contested among the scientific
community. The uncertainty surrounding this issue contributes
to confusion among scientists and dieticians, as well as the

general public, when interpreting results from studies, making
inferences, and translating these into appropriate dietary
recommendations.

The difficulty of interpreting complex epidemiologic evi-
dence transcends the topic of red meat intake and cancer; the
broader field of nutritional epidemiology is faced with many
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challenges. Interpretation of findings from epidemiologic stud-
ies investigating diet and health outcomes involves numerous
methodological considerations, such as accurately measuring
food intake, dietary pattern differences across populations,
food definitions, outcome classifications, bias and confound-
ing, multicollinearity, biological mechanisms, genetic variation
in metabolizing enzymes, and differences in analytical metrics
and statistical testing parameters [1].

Complicating things further is the fact that studies of dietary
factors and cancer often generate weak statistical associations,
with relative risks generally ranging between 0.8 and 1.25. If,
on the other hand, there is a strong exposure effect (e.g., rela-
tive risks consistently above 2.0), sources of uncertainty such
as confounding, exposure misclassification, and other biases
may not be sufficient to obscure a valid association. However,
in the case of weak associations, even modest confounding,
moderate exposure and confounder measurement error, and
other biases can have a large impact on effect estimates.

The topic of red meat consumption and CRC fits into this
methodologically complex paradigm. Several postulated mech-
anisms have been proposed by which red meat may increase
CRC risk, such as the content of the meat (e.g., heme iron),
mutagenic compounds produced by cooking practices (e.g.,
heterocyclic amines), and gut microbiota composition [2].
However, data from epidemiologic studies of red meat intake
and CRC have not supported clearly the notion that there is an
underlying biological mechanism of action. A handful of meta-
analyses on this topic have been published over the past
decade, and in general, all have produced similar summary
estimates (i.e., weak positive associations) based on similar
analytical strategies [3-9]. Thus, in the current review, we took
a different approach to reviewing the evidence by more thor-
oughly and transparently examining study-specific associations
by intake category. Specifically, we augmented our previous
meta-analysis [3] by integrating data from new prospective
cohort studies and conducted a broader evaluation of the rela-
tive risk estimates by specific intake levels. In addition, we dis-
cuss the relevant methodological and analytical factors to
consider when interpreting the body of evidence.

METHODS

Study Identification

A comprehensive literature search was conducted in MED-
LINE and the Cochrane Database to identify articles on red
meat consumption and CRC published through 2013. This
search supplemented our previous literature search and study
inclusion process [3,10]. Further, we searched the bibliogra-
phies of the World Cancer Research Fund (WCRF)/American
Institute for Cancer Research (AICR) report on diet and cancer
[11] and their Continuous Update Project (CUP) for CRC,
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review articles, and meta-analyses pertaining to red meat con-
sumption and CRC in an effort to identify all available litera-
ture on this topic.

Study Inclusion

Peer-reviewed prospective cohort studies and nested case-
control studies that reported results for the association between
red meat consumption and CRC were included in the meta-
analysis. Case-control studies not nested in cohorts, cross-sec-
tional, and ecologic studies were not included. As expected,
the definition of red meat varies across studies, and this irregu-
larity is due to researcher distinctions, differences in food com-
position databases and questionnaires, and geographic
variability in meat consumption practices, among other factors.
In light of these differences, red meat is commonly defined as
beef, pork, lamb, or a combination thereof [11,12]. Thus, we
included studies that identified meat intake as a composite “red
meat” variable or individual red meat items, such as beef,
pork, or lamb. Studies that reported data for a broad classifica-
tion of meat, such as “total meat” categories, which included
poultry or fish, were excluded. The definitions of red meat
across studies may include some processed red meat items.
Further, studies that reported information pertaining to proc-
essed meat intake as an independent variable (published previ-
ously [13]); constituents of red meat, such as fat or protein
from animal sources (published elsewhere [14]); heterocyclic
amine exposure; heme iron; cooking practices; or adenomatous
polyps were obtained, but these analyses were beyond the
scope of the present assessment. Included studies were required
to report relative risk estimates (e.g., rate ratios, hazard ratios)
and 95% confidence intervals (CIs) for intake categories of red
meat and colorectal, colon, or rectal cancer. Published studies
included in this review were written in English. All (n = 38)
studies meeting the above criteria were obtained, but only stud-
ies that represented independent (nonoverlapping) study popu-
lations or included extended follow-ups from prior analyses
were included in the quantitative assessment (n = 27)
[8,15-52].

Data Synthesis and Analytical Process

From each included study, we extracted the following qual-
itative and quantitative information: author and year of study,
geographic study area, the name of the cohort, study size, years
of follow-up, red meat definition, method of exposure assess-
ment, intake metric units, analytical comparison of red meat
intake metrics, number of exposed cases, relative risk estimates
(RRs), 95% ClIs, and the variables that were statistically
adjusted for. In addition, a thorough examination of methodo-
logical information regarding the potential impact of bias and/
or confounding on the interpretation of each study was con-
ducted. As discussed in greater depth in our previous meta-
analysis [3], a review of each article was conducted to
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identify cohorts that may have been analyzed in multiple pub-
lications, and this effort was conducted and validated by two
researchers.

Combining quantitative data across nutritional epidemiol-
ogy studies is a challenging endeavor because of the variability
in study characteristics, differences in intake metrics, and vari-
ation in the type of analyses reported (e.g., red meat, red meat
with processed meat, CRC, colon cancer only, women only,
etc.). Furthermore, the level of red meat intake can be highly
variable across studies. For example, the two lowest categories
of intake in one study may be similar to the highest categories
of intake in another study [10]. With the understanding that
this variability can never be addressed completely, we created
numerous meta-analytic models and dose plots to evaluate
varying levels of intake. In addition, we conducted several
meta-analyses to evaluate other important factors, such as level
of adjustment for relevant confounding factors, associations by
tumor site and gender, specificity of the red meat variable, and
the geographic location of the study.

Statistical analyses were based on comparisons of the high-
est intake category with the lowest intake category (which may
include persons who do not consume red meat). Categorical
dose-response analyses using the method proposed by Green-
land and Longnecker [53-55] were conducted to estimate the
slopes (b coefficients) from the correlated natural log of the rel-
ative risks across intake strata. Each analysis has strengths and
limitations. It would be expected that, if an effect was to be
observed, it would be found at the extreme intake levels in
each study (i.e., high vs low intake); however, intake levels
may vary considerably across studies. In a categorical dose-
response analysis, data from all intake categories are used to
estimate a linear relationship (or estimates of nonlinear pat-
terns in some cases); however, a foremost assumption is that
the slope based on intake levels in one study (e.g., 01 serving,
2-3 servings, 4-5 servings) follows a similar linear trajectory
in another study that may have higher intake levels (e.g., 0-2
servings, 3-5 servings, 68 servings, 9+ servings). Thus, in an
effort to harmonize the intake variable of interest (i.e., red
meat) among studies, we created intake groupings for grams
per day (<40 g, 40-70 g, 71-100 g, >100 g) and servings per
week (0-1, 24, 5-7, >7) metrics, as classified in each study.
All analytical models were created to serve as complementary
analyses, because it would be expected that, if the variable of
interest is independently associated with the outcome, consis-
tent findings would be observed across the various analyses. In
addition, the RRs and 95% CIs were plotted for all studies to
provide a visual representation of associations across intake
levels.

Consumption data were not rescaled across studies, because
to do so could introduce another dimension of measurement
error. Therefore, all analytical models were created using each
study’s original data-reporting format, either grams per day or
servings per week (rescaled from servings per day where
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necessary). We did not evaluate individual red meat items
because few studies reported associations for such foods, and a
high degree of correlation would be expected among meat
types (e.g., individuals who consume beef likely consume
pork), unless there is a clear geographic, cultural, or food avail-
ability distinction. We combined data for beef and pork to esti-
mate a composite average in studies that reported these items
individually without reporting values for red meat.

Random-effects models were used to calculate summary
relative risk estimates (SRREs), 95% Cls, and corresponding P
values for heterogeneity. The primary meta-analysis models
consisted of data from all cohort studies (men and women com-
bined, colon and rectal cancer outcomes), and separate models
by sex and anatomic tumor site, as well as sex stratified by
tumor site. Additional models included study location, degree
of adjustment for confounders, specificity of red meat intake,
intake groupings, and publication date. Sensitivity analyses
were conducted by evaluating the impact of adding or remov-
ing studies based on certain study characteristics. Cumulative
meta-analyses were performed to evaluate the modifications in
summary effect sizes based on increasing intake levels. If data
for men and women or colon and rectum were reported sepa-
rately in a study, the point estimates and CIs for each sex or
each tumor site were included. The presence of publication
bias was assessed visually by examining a funnel plot measur-
ing the standard error as a function of effect size, as well as
performing Egger’s regression method and the Duval and
Tweedie imputation method [56]. All statistical analyses were
performed using Comprehensive Meta-Analysis (version
2.2.046; Biostat, Englewood, New Jersey, USA; Comprehen-
sive Meta-Analysis).

RESULTS

Characteristics of all studies included in this assessment are
reported in Table 1. Studies varied (often considerably) by sev-
eral methodological and analytical factors. The majority of
studies (based on nonoverlapping cohorts) represent popula-
tions in the United States (U.S.) (n = 12), followed by Asia
(China and Japan) (n = 8), various European countries (n = 6),
and Australia (n = 1). The red meat variable included proc-
essed meat items in 10 studies; only 17 studies reported data
for red meat (independent of processed meat), and 13 of these
studies explicitly defined the red meat variable. Fourteen stud-
ies reported intake metrics in a grams-per-day format, while 10
studies reported intake levels by servings per day or week.
Men and women were analyzed together in many studies; how-
ever, several studies reported sex-specific data, and many
cohorts were restricted to men only (e.g., Physicians Health
Study) or women only (e.g., lowa Women’s Health Study).
Similarly, CRC was reported as a combined outcome in many
studies, but colon cancer and rectal cancer were reported
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Table 2. Summary of Meta-analysis Results for Red Meat Intake and Colorectal Cancer

Red Meat and Colorectal Cancer

P-value for
Model (number of studies) SRRE 95% CI Heterogeneity and P Analytical Notes
All studies (n = 27) 1.11 1.03-1.19 0.014; P =33.60 Includes men and women, colon and rectal
tumor sites
All studies, excluding Chen et al. 2003, 1.10 1.03-1.18 0.010; I’ =36.30 Includes men and women, colon and rectal
Singh and Fraser 1998, and Khan et al. tumor sites
2004 (n =24)
Studies including red meat independent of 1.05 0.98-1.12 0.328; I* = 8.451 Includes studies that reported a “red meat”
processed meat (n = 17) category independent of processed meat
Studies including red meat, explicitly 1.04 0.98-1.14 0.263; I> = 13.47 Includes studies that explicitly defined “red
defined (n = 13) meat”
Category of red meat intake [< 40 g/day] 1.02 0.98-1.07 0.912; I* = 0.00 Includes studies that reported median red
(n=9) meat intake less than 40 g/day
[Ollberding 2012 replaces Nothlings
2009]
Category of red meat intake [40-70 g/day] 1.00 0.96-1.04 0.485; I* = 0.00 Includes studies that reported median red
(n=12) meat intake between 40 and 70 g/day
[Ollberding 2012 replaces Nothlings
2009]
Category of red meat intake [71-100 g/day] 1.03 0.89-1.18 0.008; I = 59.65 Includes studies that reported median red
(n=23) meat intake between 71 and 100 g/day
Category of red meat intake [> 100 /day] 1.20 1.11-1.29 0.773; > = 0.00 Includes studies that reported median red
(n=6) meat intake greater than 100 g/day
Category of red meat intake [0—1 servings/ 1.17 1.07-1.28 0.575; > = 0.00 Includes studies that reported red meat
week] (n =4) intake between 0 and 1 serving/week [Iso
2007 replaces Kojima 2004]
Category of red meat intake [2—4 servings/ 1.11 1.01-1.22 0.609; I = 0.00 Includes studies that reported red meat
week] (n =8) intake between 2 and 4 servings/week
[Iso 2007 replaces Kojima 2004]
Category of red meat intake [5—7 servings/ 1.22 1.07-1.39 0.504; I = 0.00 Includes studies that reported red meat
week] (n =8) intake between 5 and 7 servings/week
Category of red meat intake [> 7 servings/ 1.13 0.93-1.39 0.215; > =26.75 Includes studies that reported red meat
week] (n =5) intake greater than 7 servings/week
Adjusted for 3 factors (n = 17) 1.09 1.01-1.17 0.005; > =42.171 Includes only studies that reported adjusting
simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)
[Ollberding 2012 replaces Nothlings 2009]
Adjusted for 3 factors, excluding Singh and 1.08 1.00-1.17 0.005; I> = 42.65 Includes only studies that reported adjusting
Fraser 1998 (n=16) simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)
[Ollberding 2012 replaces Nothlings 2009]
Dose-response: each incremental serving per 1.02 1.00-1.04 0.075; I = 26.56 Studies that reported data in a servings per
week (n = 10) week metric
Dose-response: each 70 gram increment 1.05 0.97-1.13 <0.001; P = 88.62 Studies that reported data in a grams per day
(n=13) metric
Colon (n = 16) 1.11 1.04-1.18 0.588; I> = 0.00 Includes data reported specifically for colon
cancer, men and women included [Iso
2007 replaces Kojima 2004]
Colon, excluding Chen et al. 2003 and Singh 1.10 1.03-1.17 0.610; I* = 0.00 Includes data reported specifically for colon
and Fraser 1998 (n=14) cancer, men and women included [Iso
2007 replaces Kojima 2004]
Colon, adjusted for 3 factors (n = 12) 1.12 1.04-1.20 0.542; > = 0.00 Includes only studies that reported adjusting
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simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)

(continued on next page)
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Red Meat and Colorectal Cancer

Table 2. Summary of Meta-analysis Results for Red Meat Intake and Colorectal Cancer (Continued)

P-value for
Model (number of studies) SRRE 95% CI Heterogeneity and I* Analytical Notes
Colon, adjusted for 3 factors, excluding 1.11 1.04-1.19 0.552; I* = 0.00 Includes only studies that reported adjusting
Singh and Fraser 1998 (n=11) simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)

Colon, red meat independent of processed 1.06 0.97-1.16 0.691; > = 0.00 Includes studies that reported a “red meat”

meat (n=11) category independent of processed meat

Rectal (n = 13) 1.17 0.99-1.39 0.008; I> =51.97 Includes data reported specifically for rectal
cancer, men and women included [Iso
2007 replaces Kojima 2004]

Rectal, adjusted for 3 factors (n = 11) 1.09 0.90-1.32 0.003; I* = 58.35 Includes only studies that reported adjusting
simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)

Rectal, red meat independent of processed 1.03 0.88-1.21 0.241; > =20.04 Includes studies that reported a “red meat”

meat (n=10) category independent of processed meat

Studies published < 2000 (n = 8) 1.30 1.06-1.59 0.230; I> = 24.95 Includes only studies published before year
2000 (Willett 1990 and Giovannucci
1994 replaces Wei 2004)

Studies published <2000, excluding Singh 1.28 1.01-1.62 0.164; P = 34.59 Includes only studies published before year

and Fraser 1998 (n=7) 2000 (Willett 1990 and Giovannucci
1994 replaces Wei 2004)

Studies published 2001-2004 (n =9) 1.17 1.01-1.37 0.212; 7 =19.84 Includes studies published between 2001 and
2004

Studies published 2001-2004, excluding 1.15 0.97-1.37 0.145; I* = 27.69 Includes studies published between 2001 and

Chen et al. 2003 and Khan et al. 2004 2004
(n=T7)

Studies published 2005-2008 (n =10) 1.11 1.01-1.21 0.013; > = 45.93 Includes studies published between 2005 and
2004

Studies published > 2009 (n = 3) 1.03 0.87-1.22 0.150; I = 36.46 Includes studies published after 2009
(Ollberding 2012 replaces Nothlings
2009)

Studies published in the past 5 years 1.09 0.98-1.21 0.005; I* = 54.19 Includes studies published in the past 5 years

[2007-2012] (n =7) (Ollberding 2012 replaces Nothlings
2009)

North America (U.S. & Canada) (n = 12) 1.18 1.05-1.32 0.012; > = 48.32 Studies conducted among U.S. or Canadian
populations [Ollberding 2012 replaces
Nothlings 2009]

North America (U.S. & Canada), excluding 1.17 1.04-1.31 0.010; P =50.02 Studies conducted among U.S. or Canadian

Singh and Fraser 1998 (n =11) populations [Ollberding 2012 replaces
Nothlings 2009]

All other countries (n = 15) 1.07 0.98-1.16 0.187; P =18.40 Studies conducted in Europe, Japan, China,
Australia [Iso 2007 replaces Kojima
2004]

All other countries, excluding Chen et al. 1.06 0.97-1.15 0.163; P=21.17 Studies conducted in Europe, Japan, China,

2003 and Khan et al. 2004 (n =13) Australia [Iso 2007 replaces Kojima
2004]

Europe (n = 6) 1.09 0.94-1.27 0.132; P =3447 Studies conducted in Finland, the
Netherlands, Sweden, and other countries
(EPIC)

Asia (n = 8) 1.03 0.94-1.13 0.557; > = 0.00 Studies conducted in Japan and China [Iso
2007 replaces Kojima 2004]

Asia, excluding Chen et al. 2003 and Khan 1.01 0.92-1.12 0.558; P =0.00 Studies conducted in Japan and China [Iso

et al. 2004 (n =6) 2007 replaces Kojima 2004]

Men (n = 10) 1.16 1.02-1.32 0.439; I* = 0.648 Studies that reported data specifically for
men [Iso 2007 replaces Kojima 2004]

Men, excluding Khan 2004 (n =9) 1.15 1.01-1.32 0.423; P =221 Studies that reported data specifically for
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men [Iso 2007 replaces Kojima 2004]
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Table 2. Summary of Meta-analysis Results for Red Meat Intake and Colorectal Cancer (Continued)

P-value for
Model (number of studies) SRRE 95% CI Heterogeneity and /> Analytical Notes
Men, adjusted for 3 factors (n = 6) 1.15 0.99-1.33 0.714; I* = 0.00 Includes only studies that reported adjusting
simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)
Men, red meat independent of processed 1.11 0.94-1.30 0.353; > = 9.90 Includes studies that reported a “red meat”
meat (n =6) category independent of processed meat
Men, Colon (n = 5) 1.18 0.99-1.39 0.676; P =0.00 Studies that reported data for colon cancer
among men [Iso 2007 replaces Kojima
2004]
Men, Rectal (n = 3) 1.09 0.83-1.45 0.584; I> = 0.00 Studies that reported data for rectal cancer
among men [Iso 2007 replaces Kojima
2004]
Men, category of red meat intake 1.11 0.94-1.30 0.899; I = 0.00 Includes studies that reported median red
[< 40 g/day] (n =3) meat intake less than 40 g/day
Men, category of red meat intake 1.05 0.92-1.19 0.348; > = 10.52 Includes studies that reported median red
[40-70 g/day] (n =4) meat intake between 40 and 70 g/day
Men, category of red meat intake 1.02 0.68-1.54 0.111; > = 60.55 Includes studies that reported median red
[71-100 g/day] (n =2) meat intake between 71 and 100 g/day
Men, category of red meat intake 1.14 0.98-1.34 0.819; I = 0.00 Includes studies that reported median red
[> 100 g/day] (n =3) meat intake greater than 100 g/day
Men, category of red meat intake 1.31 1.12-1.54 0.988; I* = 0.00 Includes studies that reported red meat
[0-1 servings/week] (n =2) intake between 0 and 1 serving/week [Iso
2007 replaces Kojima 2004]
Men, category of red meat intake 1.27 1.04-1.56 0.515; = 0.00 Includes studies that reported red meat
[2—4 servings/week] (n =4) intake between 2 and 4 servings/week
[Iso 2007 replaces Kojima 2004]
Men, category of red meat intake 1.29 0.96-1.74 0.289; * = 19.76 Includes studies that reported red meat
[5-7 servings/week] (n =4) intake between 5 and 7 servings/week
Men, category of red meat intake 1.38 0.97-1.96 0.607; I = 0.00 Includes studies that reported red meat
[> 7 servings/week] (n =2) intake greater than 7 servings/week
Dose-response: each in cremental serving 1.04 1.01-1.06 0.511 Studies that reported data in a servings per
per week (n =15) week metric
Dose-response: each 70 gram increment 1.01 0.77-1.33 0.021 Studies that reported data in a grams per day
(n=3) metric
Women (n = 14) 1.03 0.91-1.17 0.124; F* = 28.09 Studies that reported data specifically for
women [Iso 2007 replaces Kojima 2004]
Women, excluding Khan 2004 (n =13) 1.03 091-1.18 0.094; F* = 32.07 Studies that reported data specifically for
women [Iso 2007 replaces Kojima 2004]
Women, adjusted for 3 factors (n = 10) 1.01 0.85-1.19 0.016; I* = 49.49 Includes only studies that reported adjusting
simultaneously for at least 3 of the
following factors: total energy, BMI,
physical activity, alcohol, family hx of
cancer, education, income (SES)
Women, red meat independent of processed 1.06 0.92-1.22 0.308; I = 13.60 Includes studies that reported a “red meat”
meat (n =9) category independent of processed meat
Women, Colon (n = 8) 0.99 0.85-1.15 0.400; P =391 Studies that reported data for colon cancer
among women [Iso 2007 replaces Kojima
2004]
Women, Rectal (n = 6) 1.07 0.76-1.51 0.064; I> = 52.07 Studies that reported data for rectal cancer
among women [Iso 2007 replaces Kojima
2004]
Women, category of red meat intake 1.00 0.91-1.10 0.443; > = 0.00 Includes studies that reported median red
[< 40 g/day] (n =6) meat intake less than 40 g/day
Women, category of red meat intake 0.97 0.89-1.07 0.371; > =7.60 Includes studies that reported median red
[40-70 g/day] (n =7) meat intake between 40 and 70 g/day
Women, category of red meat intake 1.04 0.80-1.36 0.067; I> = 58.19 Includes studies that reported median red

[71-100 g/day] (n =3)
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Table 2. Summary of Meta-analysis Results for Red Meat Intake and Colorectal Cancer (Continued)

P-value for
Model (number of studies) SRRE 95% CI Heterogeneity and I* Analytical Notes
Women, category of red meat intake 1.14 0.95-1.37 0.0.301; * = 16.62 Includes studies that reported median red
[> 100 g/day] (n =3) meat intake greater than 100 g/day
Women, category of red meat intake 0.92 0.75-1.12 0.692; I* = 0.00 Includes studies that reported red meat
[0-1 servings/week] (n =2) intake between 0 and 1 serving/week [Iso
2007 replaces Kojima 2004]
Women, category of red meat intake 1.02 0.91-1.15 0.898; I* = 0.00 Includes studies that reported red meat
[2—4 servings/week] (n =5) intake between 2 and 4 servings/week
[Iso 2007 replaces Kojima 2004]
Women, category of red meat intake 1.14 0.96-1.34 0.708; I* = 0.00 Includes studies that reported red meat
[5-7 servings/week] (n =5) intake between 5 and 7 servings/week
Women, category of red meat intake 0.93 0.72-1.20 0.349; P = 8.83 Includes studies that reported red meat
[> 7 servings/week] (n =2) intake greater than 7 servings/week
Dose-response: each incremental serving per 1.00 0.97-1.03 0.135; > = 16.89 Studies that reported data in a servings per
week (n = 6) week metric
Dose-response: each 70 gram increment 1.00 0.82-1.21 <0.001; > = 86.25 Studies that reported data in a grams per day
(n=26) metric

separately in numerous studies as well. Of the 48 individual
point estimates (for the highest intake level in each study)
reflecting data from 27 individual studies, only eight associa-
tions were statistically significant in the positive direction. Over
one-third (n = 18) of the individual RRs were 1.0 or lower, and
almost half (n = 23, 48%) of the RRs were less than 1.05.

The meta-analysis results are summarized in Table 2 (based
on high vs low intake unless otherwise specified by intake
levels).

High vs Low Meta-Analysis Results

The SRRE for all 27 prospective studies of high vs low red
meat intake and CRC was 1.11 (95% CI: 1.03-1.19); however,
as expected, statistically significant heterogeneity was present
(p-H = 0.014). When 3 studies that were less specific in their
definitions of red meat/exposure categories were removed,
the summary effect was largely unchanged, because these
studies provided little relative weight (SRRE = 1.10, 95%
CI: 1.03-1.18) (Table 2, Fig. 1). However, in the model that

Author & Year

Bostick 1004 (C)
Brink 2005 (C
Brink 2005 (R
Butler 2008 (

Cohort

lowa Women's Health Study
Netherlands Cohort Study
MNetherlands Cohort Study
Singapore Chinese Health Study

Relative Risk and 95% CI

.

Chao 2005 (C) Cancer Prevention Study I : : : - : H
Chao 2005 (R) Cancer Prevention Study Il : H H E
Chen 1998 (CRC) Physicians Health Study s . b— ; :
Cross 2007 (C) MNIH-AARP Cohort Study 4 ] X - 5 & 5
Cross 2007 (R) NIH-AARP Cohort Study ¥ : : —_— 3 3
English 2004 (C) Melbourme Collaborative Cohort Study : 4 ; —— % 3
English 2004 (R) Melboume Collaborative Cohort Study : : : — L
Flood 2003 (CRC) Breast Cancer Detection Demonstration Project : H H —— : H :
Hsing 1988 (CRC) Lutheran Brotherhood Cohort . H : - :
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Jarvinen 2001 (C) Mobile Clinic Health Examination Survey . ] | — s .
Jarvinen 2001 (R) Mobile Clinic Health Examination Survey o H s - = o
Kabat 2007 (C) Canadian National Breast Screening Survey = . . —E— H H |+
Kabat 2007 (R} Canadian National Breast Screening Survey : . L —— 5 :
Kato 1997 (CRC) MNew York, Florida Cohort Study i s h —_— . ¥
Larsson 2005 (CRC) Swedish Mam raphy Cohort : : : (—-— H :
Lee 2009 (C) Shanghai Women's Health Study : : e : :
Lee 2009 (R) Shanghai Women's Health Study g : — % i H
Lin 2004 (CRC) Women's Health Study ® " —_ a = x
Norat 2005 (C) EPIC Cohort 3 3 ; -T-— 2 3
MNorat 2005 (R) EPIC Cohort 3 5 ; — - H H
Oba 2006 (C) {w Japan Cohort Study H H ; : : :
Oba 2006 (C) (W) Japan Cohort Studé : : * : : :
Ollberding 2012 (CRC) Multiethnic Cohort Study : < : : : :
Pietinen 1999 (CRC) Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study | H (——— H
Sato 2006 (C) Miyagi Cohort St : : | —— : :
Sato 2006 (R) Miyagi Cohort Study : H | —— . - *
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Wei 2004 (C) (M) Health Professionals Follow-up Study z . : e . 2 2
Weai 2004 (C) (W) Nurses Health Study : 2 : —_—t 2 e
Wei 2004 (R (W) Nurses Health Study B H + = H H H
Wei 2004 (R) (M) Health Professionals Follow-up Study : : * * : :
Takachi 2011 (M){C) Japan Public Health Center-based Prospective Study H : : —_— : B
Takachi 2011 (M){R} Japan Public Health Center-based Prospective Study i H | — s H i
Takachi 2011 (W)(C) Japan Public Health Center-based Prospective Study : : : il : :
Takachi 2011 (W){R) Japan Public Health Center-based Prospective Study : —-—.— %
+ Summary relative risk = 1.10 C = colon M = men 0.1 0. 0.5 1 2 5 10
95% Cl = 1.03-1.18 R = rectal W = women

p-Heterogeneity = 0.010

CRC = colorectal

Fig. 1. Meta-analysis of prospective studies of red meat consumption and colorectal cancer.

534

VOL. 34, NO. 6



included studies of fresh red meat (n = 17 studies independent
of processed meat items), the SRRE dropped to 1.05 and was
no longer statistically significant (95% CI: 0.98—1.12), and the
model was less heterogeneous (p-H = 0.328). Of 13 of these
studies that explicitly defined red meat, the SRRE was 1.04
(95% CI: 0.98-1.14, p-H = 0.263). When restricting the analy-
sis to studies that adjusted simultaneously for at least 3 factors
(out of: total energy, body mass index [BMI], physical activity,
alcohol, family history of cancer, education, income [socioeco-
nomic status]), the summary association was attenuated slightly
(SRRE = 1.08, 95% CI: 1.00-1.17). Stronger (and more het-
erogeneous) associations were observed in meta-analyses of
studies conducted in North America (SRRE = 1.18, 95% CI:
1.05-1.32), compared with studies published in other countries
(SRRE = 1.07, 95% CI: 0.98-1.16). The model of studies con-
ducted in China and Japan had the weakest SRRE (1.01, 95%
CI: 0.92-1.12; Chen et al. [22] and Khan et al. [35] excluded).
Interestingly, the summary associations were modified by pub-
lication date, with the SRREs becoming monotonically weaker
over time (Table 2). For example, meta-analysis of 8 studies
published prior to the year 2000 resulted in an SRRE of 1.30
(95% CI: 1.06-1.59), while the SRRE for the studies published
in the past 5 years was 1.09 (95% CI: 0.98-1.21).

Summary associations were stronger and more heteroge-
neous for rectal cancer (SRRE = 1.17, 95% CI: 0.99-1.39, p-H
= 0.008) compared with colon cancer (SRRE = 1.11, 95% CI:
1.04-1.18, p-H = 0.588). However, the summary effect for rec-
tal cancer attenuated considerably after including studies that
adjusted for more relevant factors (SRRE = 1.09, 95% CI:
0.90-1.32; based on studies that simultaneously adjusted for
total energy, BMI, physical activity, alcohol, family history of
cancer, education, income/socioeconomic status). When the
analyses were restricted to studies of fresh red meat, indepen-
dent of processed meat items, summary associations for both
colon cancer (SRRE = 1.06, 95% CI: 0.97-1.16) and rectal can-
cer (SRRE = 1.03, 95% CI: 0.88-1.21) became closer to the
null value.

We observed modification of summary associations by gen-
der, with stronger (but overall weak to modest) SRREs among
men, and associations close to the null value for women. The
SRRE for the 10 studies that reported data specifically for men
was 1.16 (95% CI: 1.02-1.32), while the summary association
for women was 1.03 (95% CI: 0.91-1.17). Inconsistent patterns
of associations between sexes were observed. Among men,
associations were slightly weaker in analyses of red meat
(independent of processed meat items) and rectal cancer, but
slightly stronger in analyses of colon cancer. In contrast,
among women, associations were slightly stronger in analyses
of red meat (independent of processed meat items) and rectal
cancer, but weaker in analyses of colon cancer. For both men
and women, summary effects were slightly weaker for the
meta-analyses of studies that adjusted for more relevant poten-
tial confounding factors.
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Intake Assessment

Dose-response effects were evaluated using different meth-
ods. First, we plotted all point estimates for all intake catego-
ries across all studies to generate a visual illustration of all
possible data points. This was done for both metrics—grams
per day (Fig. 2) and servings per week (Fig. 3). Based on
visual examination, no clear pattern of dose-response is appar-
ent. While the absolute number of point estimates above the
null value is greater than below, particularly for the servings-
per-week metric, no consistent pattern is evident (i.e., increas-
ing point estimates above the null value as intake levels
increase). To supplement this visual assessment, we conducted
categorical dose-response regression meta-analyses and meta-
analyses of categorical intake groupings. The SRRE for each
70 g increment of red meat was 1.05 (95% CI: 0.97-1.13), and
the SRRE for each incremental serving per week was 1.02
(95% CI: 1.00-1.04) among men and women combined (both
models). No associations for each incremental serving per
week (SRRE=1.00, 95% CI: 0.97-1.03) or for each 70 g incre-
ment of red meat (SRRE=1.00, 95% CI: 0.82-1.21) and CRC
were observed in the dose-response analyses among women.
For men, the SRRE for each incremental serving of red meat
per week was 1.04 (95% CI: 1.01-1.06), and 1.01 (95% CI:
0.77-1.33) for each 70 g increment of red meat. No clear pat-
tern of dose-response was observed in our meta-analyses of
categorical intake groupings (groups created to approximate
common categories across studies) (Table 2; Fig. 4). In dose-
response categories up to 100 g/day, summary associations
ranged between 1.00 and 1.03 and were not statistically signifi-
cant. However, the SRRE for intake levels above 100 g/day
was 1.20 (95% CI: 1.11-1.29). There was greater data inflec-
tion in the servings-per-week intake groupings, because the
summary association for 0-1 serving of red meat per week was
1.17, then dropped to 1.11 (2—4 servings), then rose to 1.22 (5—
7 servings), then dropped to 1.13 in the highest category of
intake (>7 servings per week). The summary associations for
the lowest 3 servings-per-week categories were statistically
significant, but the SRRE for the highest level of intake was
not statistically significant (Table 2; Fig. 4). The statistically
significant findings at the lower intake levels are not substanti-
ated by the findings in the grams-per-day analyses, and there is
no apparent reason why patterns of associations would be
stronger for servings per week than grams per day. However,
in general, studies that reported results for grams-per-day met-
rics were more analytically specific than studies that reported
data in a servings-per-week metric (See Table 1, 3—7/wk vs 0—
2/month in Kojima et al. 2004 [36], for example). Similarly, in
our cumulative meta-analysis of increasing grams per day and
servings per week, no clear pattern of association was apparent
(Fig. 5 and 6). For a dose-response effect to be present, the
summary effect would slowly shift to the right (positive direc-
tion) as intake increased. Associations appeared to become
slightly stronger at the 90 g/day level; however, this finding
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Fig. 2. Individual study relative risks for colorectal cancer across all red meat intake strata (grams/day) in the prospective cohort studies.
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Fig. 4. Dose-response patterns based on meta-analyses of categorical
intake groupings.

shown). The Duval and Tweedie trim-and-fill procedure
imputed 3 studies to the left of the mean effect, resulting in an
adjusted SRRE of 1.09 (95% CI: 1.02-1.17), based on the all-
inclusive model.

DISCUSSION

In this updated and expanded meta-analysis, we observed
summary associations for red meat and CRC that were null or
just above the null value in virtually all models. Although
some models were statistically significant, heterogeneity was
present in many models, and findings varied by subgroups
(e.g., SRRE for men = 1.16; SRRE for women = 1.03).

We attempted to isolate the red meat variable by identifying
and analyzing studies that evaluated red meat but did not
include processed meat items. Although there may be some
overlap in these variables because some processed meat items
often include red meat, and there is a high correlation between
red meat intake and processed meat intake, summary associa-
tions were markedly reduced and not statistically significant
when red meat only was evaluated.

Summary associations were slightly attenuated in our sensi-
tivity analyses of studies that adjusted for relevant potential
confounding factors, indicating the importance of measuring
and adjusting for factors that may be related to both red meat
consumption and CRC. Although we did not observe striking
attenuation of the summary effect in models specific to con-
founding-factor adjustment, a meta-analysis may not be sensi-
tive enough to fully appreciate the impact of confounding,
especially if the epidemiological studies do not consistently
control for the same confounding factors. The impact of con-
founding can best be discerned at the individual study level if
the researchers report the crude (or age-adjusted only) RR and
the multivariate RR. For example, in a recent prospective anal-
ysis, Ollberding et al. [43] reported an RR of 1.17 (95% CI:
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1.05-1.31) in the basic model (age and ethnicity), and an RR
of 0.98 (95% CI: 0.87-1.10) in the multivariate model that
adjusted for smoking, history of colorectal polyps, and BMI,
among other factors. In fact, the majority of individual studies
that report crude and adjusted RRs for red meat and CRC
observe positive and stronger associations in the crude model
compared to the more fully adjusted model. Even modest con-
founding and, perhaps just as importantly, slight measurement
error in the ascertainment and classification of potential con-
founding variables can have a proportionally large impact on
effect estimates [1,57].

The association between red meat intake and rectal cancer
was slightly stronger than that for colon cancer, although both
summary effects were attenuated in analyses of red meat only
(without processed meat items included). It has been suggested
that tumors arising in the proximal colon, distal colon, and rec-
tum may have variable pathologies, and consequently, dietary
factors may influence colorectal neoplasia differently accord-
ing to anatomic site [58]. However, summary associations
between colon and rectal tumor sites were not strikingly differ-
ent. Although the literature is somewhat sparse, in general,
findings for distal colon tumors are slightly stronger than for
proximal colon tumors, which is anatomically consistent with
the contiguous sites (i.e., proximal colon followed by distal
colon followed by rectum).

Modification was also apparent by sex, with stronger effect
sizes for men than women; however, summary associations
were stronger for colon cancer than rectal cancer among men
and stronger for rectal cancer than colon cancer among women
(note that analyses were based on relatively limited data).
Indeed, diet-related effects may differ by sex due to hormonal
variation between men and women and by the proclivity of
women to develop proximal tumors and men to develop distal
and rectal tumors [58]. The reasons for the overall disparities
in associations by gender are uncertain, and the differences in
effect sizes do not appear to be the result of higher intake levels
among men. In fact, when we grouped data by gender in the
same intake categories, there were no discernible differences
for the grams-per-day analyses, but there were considerable
differences in the servings-per-week analyses. Summary asso-
ciations were stronger for men for all serving categories com-
pared with women, and these differences were not a function
of higher consumption levels among men. Furthermore, there
are no established biological or mechanistic differences that
may have modified associations specifically for red meat
intake. The stronger effects observed among men may be the
result of stronger correlations with adverse dietary and lifestyle
factors that further confound the association.

We conducted a comprehensive evaluation of relative risk
point estimates reported in all prospective studies for all intake
categories. Specifically, we used four methods to review the
data (for both grams-per-day and servings-per-week metrics):
(1) point estimates for all intake levels were plotted for a visual
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Fig. 5. Cumulative meta-analysis of colorectal cancer by grams/day of red meat intake.

assessment (Figs. 2 and 3), (2) categorical dose-response
regression meta-analyses were conducted to estimate the linear
(slope) effect by increasing categories of intake (Table 2), (3)
meta-analyses for categorical intake groups were conducted to
estimate associations for a more standardized evaluation
(Table 2, Fig. 4), and (4) cumulative meta-analyses were per-
formed to appreciate the modification and patterns of effect
size by increasing dose levels (Figs. 5 and 6). If an exposure is
associated with an outcome, it would be expected that consis-
tent results would be observed across various dose-response
analyses. However, for red meat consumption and CRC, no
clear evidence of dose-response patterns emerges in a consis-
tent fashion across the intake analyses. As described above,
there are more point estimates above 1.0 than below, particu-
larly for the servings-per-week metric, but there is no consis-
tent pattern of increasing risk by increasing intake level
(Figs. 2 and 3). The summary associations for the categorical
dose-response regression analyses support only a weak positive
association, but heterogeneity was present in these models.
Further, this type of analysis assumes a linearly increasing pat-
tern, which can be a problematic assumption if intake levels
are highly variable among studies. In fact, our plots of RRs by
specific intake levels were not consistent with a linear trend,
and the categorical intake grouping analyses were inconsistent
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by metric and gender. No appreciable effect for red meat con-
sumption and CRC was observed up to 100 g/day, but a mod-
estly elevated SRRE of 1.20 (95% CI: 1.11-1.29) was found
for intake levels greater than 100 g/day. It is not clear if this
association is a reflection of greater collinearity between other
dietary and lifestyle factors at elevated levels of intake, or if
higher intake levels of red meat may contribute to a slightly
increased risk. However, this finding was not corroborated in
the servings-per-week analyses, and no intake-response trend
was apparent because considerable data inflection was
observed (e.g., no monotonic pattern was evident). Moreover,
as mentioned above, the elevations in the servings-per-week
analyses were largely influenced by results among men.
Finally, in our cumulative meta-analysis assessment of patterns
of associations by increasing intake levels, no consistent trends
of increasing summary effects were observed.

As expected, the summary associations were modified by
study country, with slightly stronger (and more heterogeneous)
associations among North American populations, with the
weakest associations among Asian populations. The possible
explanations for this observation are many; however, a West-
ern dietary (and lifestyle) pattern is a likely explanation.
Indeed, high intake of red meat has been correlated positively
with factors that have been associated with increasing the risk
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Fig. 6. Cumulative meta-analysis of colorectal cancer by servings/week of red meat intake.

of CRC, such as a high BMI, smoking, and alcohol intake, and
red meat intake has been correlated inversely with factors sug-
gested as possibly decreasing the risk of CRC, such as physical
activity, fruit and vegetable intake, and socioeconomic status.
Thus, it is difficult to analytically isolate the separate effects of
red meat from other dietary, lifestyle, socioeconomic, and clin-
ical factors. Furthermore, multicollinearity plays a role here.
Multicollinearity is a statistical phenomenon that occurs when
two or more factors in a regression model are moderately to
highly correlated, rendering the estimation of independent
effects of a single dietary component difficult. Perhaps more so
than other epidemiologic disciplines, nutritional epidemiology
is prone to multicollinearity, because diet is a complex mixture
of foods, nutrients, and other dietary constituents [1]. Greater
consumption of one particular food tends to be associated with
higher and lower intakes of other foods and nutrients that may
also influence disease risk. Moreover, the influence of different
dietary components may be multiplicative rather than purely
additive, yet the ability to capture potential interactions of die-
tary components in statistical analyses may be limited. As a
result, including highly correlated variables in the same statisti-
cal model may lead to biased risk estimates.

Of note, over time, there appears to be a time-dependent
attenuation of summary associations—the earlier studies report
stronger associations, while the more recent studies are gener-
ally closer to the null value, a phenomenon described by loan-
nidis in an evaluation of clinical research studies [59]. Many
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potential factors may contribute to this observation; for exam-
ple, recent studies may be adjusting for more relevant con-
founding factors, dietary instruments may have improved, and
longer follow-up time has accrued in some cohorts that may
allow for a more accurate reflection of cancer latency. If, how-
ever, the small association between red meat intake and CRC
is real, the public health impact may be noteworthy because
CRC is one of the more common malignancies.

Several postulated mechanisms by which consumption of
red meat may contribute to colorectal carcinogenesis have
been proposed. These include exposure to heterocyclic amines,
polycyclic aromatic hydrocarbons, nitrate/nitrite and N-nitroso
compounds, fat intake from animal sources, changes to the
intestinal microbiota, and heme iron. A thorough review of
these compounds is beyond the scope of the current review,
although the epidemiologic evidence regarding these hypothe-
sized biological mechanisms has been inconsistent
[2,3,10,43,60-65]. Of note, however, is the increased scientific
focus on heme iron as a potential cancer promoter. It is impor-
tant to distinguish between heme iron, which is from meat, and
non-heme iron, which is from fortified cereals, fruit juice, and
bread, among other sources [60]. In a recent review of heme
iron from meat and CRC, a proposed mechanism of action was
suggested whereby heme promotes ATNC (apparent total N-
nitroso compounds) growth and lipid peroxidation production
[66]. This may subsequently trigger activation of a series of
steps on the biological pathway that facilitate DNA and
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cellular damage, which can eventually lead to adenocarcinoma
[66]. Despite this theory, the epidemiologic evidence pertain-
ing to heme iron and CRC has been weak and inconsistent. A
summary relative risk of 1.18 (95% CI: 1.06-1.32) was
reported in a meta-analysis comparing high vs low heme iron
intake and colon cancer [66]. However, recently published
analyses were contradictory. In an analysis of the Nurses’
Health Study and Health Professionals Follow-up Study,
Zhang et al. [67] reported non-—statistically significant inverse
associations between heme iron and CRC among men, and
nonsignificant positive associations among women. In contrast,
Hara et al. [68] observed nonsignificant inverse associations
among women and nonsignificant positive associations among
men in an analysis of a population-based prospective cohort
study in Japan. Diet plays a formative role in gut microbiota,
and cancer risk may be modified by harmful and beneficial bac-
teria that could influence carcinogen bioactivation [2]. Cur-
rently, there is no clear evidence indicating that meat intake or
animal protein consumption modifies CRC risk by altering the
intestinal microflora. Clearly, more research is needed in this
area, particularly because the associations between red meat
consumption and CRC across the epidemiologic studies have
been weak and relatively inconsistent.

Complicating the interpretation of findings from nutritional
epidemiology studies is the fact that this research area is partic-
ularly prone to reporting bias because of the numerous types of
foods, food combinations, nutrients, and cooking methods
ascertained on a typical food frequency questionnaire (FFQ).
Upward of 150 food items (in addition to serving size and
cooking practices, among other things) are commonly queried
on an FFQ; thus, a researcher may selectively choose which
data to report when analyzing all foods. If, for example, red
meat, or any other food item for that matter, is not associated
with cancer in an analysis of numerous food items, the
researcher may selectively withhold the “null” results and
choose to submit for publication the non-null, or the perceived
more impactful, findings. Furthermore, in the absence of an
observed association for which an existing relationship was
assumed, a researcher may withhold the results, because they
are not in line with the prevailing scientific opinion, whether
accurate or not.

Although meta-analysis methods are being used at an
increasing rate to quantitatively summarize a body of literature,
meta-analyses may suffer from the same shortcomings and
challenges that influence the individual studies. In fact, a meta-
analysis may actually amplify the inherent limitations from
individual studies because of combining data across studies
that may be biased or confounded to produce an overall effect.
Combining data at the macro level does not obviate the compli-
cations of interpreting the data on a micro level. However,
given a large volume of literature, a meta-analysis can be used
to create informative subgroup stratifications, to examine
potential sources of heterogeneity and to evaluate the
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consistency of results by partially controlling for some of the
study-specific characteristics. In addition, a meta-analysis
improves the precision of summary estimates of effect, which
is especially important when attempting to demonstrate pat-
terns of associations across subgroups. Important insights into
some (but certainly not all) of the most important aspects of
causation can be provided by a meta-analysis, and it has the
capacity to better characterize the existence and nature of asso-
ciations summarized across studies [3]. It is generally well
established that a causal relationship is more likely when the
association is strong (typically relative risks above 2.0), there
is a clear dose-response effect (i.e., increasing risk with
increasing exposure), and results are consistent (e.g., across
studies, study designs, and similar study characteristics). In our
study, all summary associations between red meat consumption
and CRC were weak in magnitude, no coherent pattern of dose-
response was apparent, and associations were largely inconsis-
tent across the individual studies and the analytical subgroups.
Such patterns of association are not supportive of a relationship
that is causal. Furthermore, associations from human health
studies of the postulated biological mechanisms have been
weak and inconsistent as well.

Until the methodological and analytical approach to evalu-
ate red meat and CRC is modified or a new approach is intro-
duced (such as creating multiple layers of subgroup
stratifications by presumably important factors), each subse-
quent analysis of a cohort will likely keep producing associa-
tions that hover around the null value. Clinical trials of a food
or food group and cancer are not common (none exist for red
meat and cancer), because of some obvious challenges, such as
cost and long duration to account for cancer latency. Although
theoretically possible, it is not likely that such a study will be
conducted (and with sufficient follow-up time) in the near
future. As a result, researchers will need to analyze data from
new cohorts and continue to publish updated and extended
analyses on existing cohorts.

In the current meta-analysis of red meat intake and CRC,
we comprehensively examined associations by creating numer-
ous subgroup stratifications, conducting extensive sensitivity
analyses, and evaluating dose-response using several different
methods. Associations between red meat and CRC were weak
to nonexistent. Of the highest categories of intake in the indi-
vidual studies, over one-third of the RRs were 1.0 or lower,
and almost half were less than 1.05. Summary associations
were weak, with most SRREs around the null value or just
slightly above. Because of multiple comparisons (i.e., over 70
separate analyses were conducted), some statistically signifi-
cant associations could arise by chance alone. Indeed, we did
not observe consistent patterns of associations that may explain
the few significant summary associations. Even in studies that
analyzed red meat independent of processed meat, and adjusted
for additional relevant confounding factors, models found sum-
mary associations to be attenuated, though slightly less
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heterogeneous. Associations were stronger among men than
women, and stronger for rectal cancer than for colon cancer,
but within each sex, the results were contrasted by tumor site,
which observation is yet another example of inconsistency.
Summary associations are also likely influenced by dietary and
lifestyle factors; a case in point is that studies of American
cohorts showed stronger associations than studies of cohorts
who do not have a Western diet and lifestyle. Finally, summary
associations appear to be weakening over time, because the
SRREs in the more recent studies are weaker and closer to the
null value than those of earlier studies.

Methodological limitations and challenges compromise the
ability to interpret a possible relationship between red meat
and CRC. Indeed, given the overall lack of consistent findings,
and the absence of strong associations and dose-response pat-
terns, it seems reasonable to posit that red meat is a negligible
factor in CRC risk; rather, there is a more significant constella-
tion of dietary and lifestyle factors that may influence colorec-
tal carcinogenesis. The quantitative findings and scientific
rationale for interpretation documented in the current meta-
analysis support a conclusion that red meat is not an indepen-
dent predictor of CRC risk.

In conclusion, based on the quantitative findings and scien-
tific rationale for interpretation documented in the current
meta-analysis, red meat intake does not appear to be an inde-
pendent predictor of CRC risk.
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