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Health effects associated with consumption of
unprocessed red meat: a Burden of Proof study
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Aleksandr Y. Aravkin'?4, Peng Zheng'? and Christopher J. L. Murray ©®'2X

Characterizing the potential health effects of exposure to risk factors such as red meat consumption is essential to inform
health policy and practice. Previous meta-analyses evaluating the effects of red meat intake have generated mixed findings
and do not formally assess evidence strength. Here, we conducted a systematic review and implemented a meta-regression—
relaxing conventional log-linearity assumptions and incorporating between-study heterogeneity—to evaluate the relation-
ships between unprocessed red meat consumption and six potential health outcomes. We found weak evidence of association
between unprocessed red meat consumption and colorectal cancer, breast cancer, type 2 diabetes and ischemic heart disease.
Moreover, we found no evidence of an association between unprocessed red meat and ischemic stroke or hemorrhagic stroke.
We also found that while risk for the six outcomes in our analysis combined was minimized at O g unprocessed red meat intake
per day, the 95% uncertainty interval that incorporated between-study heterogeneity was very wide: from 0-200 gd-". While
there is some evidence that eating unprocessed red meat is associated with increased risk of disease incidence and mortality,
it is weak and insufficient to make stronger or more conclusive recommendations. More rigorous, well-powered research is
needed to better understand and quantify the relationship between consumption of unprocessed red meat and chronic disease.

red meat consumption and increased risks to human health'~.

The Global Burden of Diseases, Injuries and Risk Factors
study (GBD) 2019 estimated that 896,000 (95% uncertainty inter-
val (UI) 536,000-1,250,000) deaths and 23.9 million (15.6-32.0)
disability-adjusted life years were attributable to unprocessed red
meat consumption globally in 2019 (ref. °). These and other find-
ings have led institutions such as the World Health Organization,
the World Cancer Research Fund (WCRF), the EAT-Lancet
Commission and the US Departments of Health and Human
Services and Agriculture to recommend limiting red meat intake®™.
Recommended consumption targets are inconsistent, however,
ranging from 14gd~ (EAT®), to 50-70gd™ (WCRF), to unre-
stricted amounts (Nutritional Recommendations Consortium'’).
Adding to this ambiguity, several studies have found no significant
relationship between red meat consumption and risk of death'"'?,
which has led to further questioning of the strength of evidence
in these risk pair associations'*'*. To resolve conflicting data and
recommendations, a quantitative and objective strategy for assess-
ing the strength of the evidence relating red meat consumption to
health outcomes is needed.

Evidence on the health effects of red meat consumption comes
primarily from prospective observational cohort studies in which
individuals are grouped into categories based on their level of red
meat consumption”'” and estimates of relative risks (RRs) compar-
ing different levels of consumption are reported. Meta-analyses syn-
thesize results from these studies either by pooling effect sizes that
compare the extreme categories reported in each study, or by estimat-
ing the dose-response hazard ratio per unit of exposure—typically

P revious research has broadly shown an association between

assuming a log-linear relationship—and pooling study-specific
results*'®. These methods rely on a number of premises that may
limit their utility to capture the effects of risk exposure on health
outcomes. One issue involves the assumption of log-linearity, which
requires that the hazard ratio for a fixed increment of red meat con-
sumption (for example, 100gd™") remains constant across all lev-
els of intake (an increase in consumption from 0 to 100gd~" would
have the same effect as an increase from 200 to 300gd™"). Yet evi-
dence indicates that the dose-response relationship for many risk
factors attenuates at higher doses'”** (not log linear). Based on such
evidence and in light of limited existing information on the shape
of the risk curves for red meat and different health outcomes, it is
plausible that the health effects of red meat consumption may not
be well characterized by a log-linear function and should be inves-
tigated more closely. Another notable issue is that meta-analyses
attempting to synthesize findings from cohort studies typically do
not account for between-study heterogeneity, which can be a promi-
nent source of bias in epidemiological meta-analyses'.

In this paper we examined the relationship between unprocessed
red meat and six health outcomes: breast cancer, colorectal cancer,
type 2 diabetes, ischemic heart disease (IHD), ischemic stroke and
hemorrhagic stroke. These outcomes were selected using the WCRF
criteria for convincing or probable evidence’. To rigorously quan-
tify the dose-response relationship between unprocessed red meat
consumption and the selected health outcomes—in addition to the
strength of the evidence underlying the results—we systematically
evaluated all available prospective epidemiological evidence on the
association between unprocessed red meat consumption and each
selected health outcome following the burden of proof risk function
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(BPRF) methodology developed by Zheng et al.. Specifically, for
each risk-outcome pair, we generated a mean risk function by
implementing a flexible meta-regression framework that relaxed the
conventional assumption of a log-linear dose-response relationship,
instead using a data-driven approach to determine the shape of the
function using a quadratic spline. The approach accounts for expo-
sure ranges reported in the data and different comparator groups?'.
We automatically detected outliers using robust statistical trimming
methods, tested and corrected for bias related to study design and
evaluated publishing and reporting bias. We computed 95% Uls
that account for mean effects uncertainty as well as between-study
heterogeneity, adjusting for the number of studies. We used the
information to calculate uncertainty inclusive of between-study
heterogeneity to generate a BPRF*. The BPRF is a conservative risk
function (offering an alternative to a mean risk function) that is
defined as either the fifth (for harmful risks) or 95th (for protec-
tive risks) quantile curve closest to the line of RR equal to one (the
null). Thus, the BPRF can be interpreted as the smallest harmful or
protective effect at each level of exposure consistent with the avail-
able evidence.

We then converted the BPRF for each risk—outcome pair into
a risk-outcome score (ROS)*. The ROS summarizes the mag-
nitude and certainty of evidence about a risk or protective factor,
with higher positive ROS always corresponding to a stronger rela-
tionship and negative ROS corresponding to a failure to reject the
null. We further converted the ROS for each risk-outcome pair
into a star rating: for both harmful and protective risks, an ROS of
<0 received one star, >0-0.14 received two stars, >0.14-0.41
received three stars, >0.41-0.62 received four stars and >0.62
received five stars. Star ratings are designed to offer individuals and
policy makers a way to understand the strength of evidence about
a risk in a way that is comparable across risk-outcome pairs. The
thresholds for each star rating were developed in consultation with
collaborators, stakeholders and other audiences and can broadly be
interpreted as indicating ‘no evidence of association, ‘weak evidence
of association, ‘moderate evidence of association, ‘strong evidence
of association’ and ‘very strong evidence of association’ The main
findings and implications for policy of this work are summarized
in Table 1.

Results

Overview. Following Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines”, we system-
atically searched for literature on the RR of unprocessed red meat
consumption, screened identified records and extracted data from
reports meeting our inclusion criteria (Methods). Of the 3,286
records identified, 55 reports'»*7> met our inclusion criteria, pro-
viding information on 37 prospective cohorts and one nested case-
control study (Extended Data Fig. 1). These included 18 cohorts
and one nested case—control from Europe, 13 cohorts from North
America, five cohorts from Asia and one from Australia. In most
studies, dietary consumption of unprocessed red meat was assessed
using food frequency questionnaires (42 of 55). The number of par-
ticipants in each study ranged from 639 to 536,969 and the length
of follow-up ranged from 4.1 to 32 years. In most studies (45 of 55),
RRs were adjusted for major confounders including age, sex and
smoking. Supplementary Table 1 (section 1) contains a summary
of the main characteristics of all studies included in this analysis,
including study design, end point, location, exposure assessment
and other characteristics.

We found that removing trimming (including outliers) and
removing the imposed model shape constraints did not significantly
change the risk curve results. The Supplementary Information pro-
vides sensitivity results of these assumptions (section 2.1 and 2.2).

Risk-outcome scores; star ratings; risk curves with all data points,
trimmed data points and conventional and conservative Uls; and an
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Table 1| Policy summary

Characterizing the health effects of red meat intake
is essential for making informed policy and diet
recommendations. Previous meta-analyses on the
effects of red meat have generated mixed findings
and do not formally assess evidence strength.

Background

When between-study heterogeneity and other forms
of uncertainty were incorporated into our analysis,
unprocessed red meat was weakly associated with
an increased risk of colorectal cancer, breast cancer,
IHD and type 2 diabetes, by at least 6%, 3%, 1%

and 1%, respectively. On a five-star scale with one
star suggesting no evidence of association and five
stars suggesting very strong evidence of association,
these pairs each received two stars. Under this same
interpretation of the data, there was no evidence of
an association between unprocessed red meat and
ischemic stroke or hemorrhagic stroke. These pairs
received one star. RR for the six causes combined
was minimized at 0 gd~", but with wide uncertainty.
Limitations of this study include sparse data of varied
quality, potential for recall bias and other reporting
or measurement errors in the data and difficulty with
evaluating publication and reporting biases other
than those related to the association of reported
effect sizes and s.d. Further, for some risk-outcome
pairs, there may be smaller ranges of exposure within
which the magnitude of the association was larger
and significant, but we chose to assign risk-outcome
scores based on an average of a wide range of
exposure levels (15th to 85th percentiles), which
could obscure such effects.

Main findings and
limitations

The available evidence suggests that elevated
unprocessed red meat has a weak association

with the risk of colorectal cancer, breast cancer,
IHD and type 2 diabetes. It may have an effect on
ischemic stroke or hemorrhagic stroke, but there

is currently insufficient evidence to draw this
conclusion. The available evidence suggests that
eating no unprocessed red meat may minimize the
risk of disease incidence and mortality compared to
consuming any, but there is insufficient evidence to
make stronger or more conclusive recommendations.
More rigorous, well-powered research is needed

to better understand and quantify the relationship
between unprocessed red meat intake and chronic
disease.

Policy implications

interpretation of the findings are available for all risk-outcome pairs
at http://vizhub.healthdata.org/burden-of-proof/.

Unprocessed red meat consumption and colorectal cancer. We
ldentlfled 20 prOSpeCthe Cohort527,28,35,38,39,42,43,49,50,54,57,38,60,61,63,72,73,73
and one nested case-control study®” to assess the relationship
between unprocessed red meat consumption and colorectal cancer
among 2,413,032 individuals in total (sample size was calculated as
the number of unique data source-location pairs with observations
of risk exposure and outcome) over an average of 8.0 years per indi-
vidual (range of mean/median follow-up per cohort, 4.1-32 years).
Ten cohorts were carried out in Europe, eight in North America,
two in Asia and one in Australia. Overall, 16,202 colorectal cancer
events were recorded across all cohorts, where 14,672 were incident
cases and 1,530 were mortality cases. In addition to adjustments
for major confounders including age, sex and smoking, the RRs in
most cohorts were additionally adjusted for body mass index (BMI)
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Fig. 1| Unprocessed red meat consumption and colorectal cancer. a, Log-RR function. b, RR function. ¢, A modified funnel plot showing the residuals
(relative to 0) on the x axis and the estimated s.d. that includes reported s.d. and between-study heterogeneity on the y axis.

Table 2 | Strength of the evidence for the relationship between unprocessed red meat consumption and the six health outcomes

analyzed

Health outcome ROS Average BPRF  Star rating RR at 50 gd~" (conservative 95% RR at 100 gd" (conservative 95%
un ul)

Colorectal cancer 0.06 1.06 2 stars 1.3 (1.01,1.64) 1.37 (1.01,1.78)

Breast cancer 0.03 1.03 2 stars 1.26 (0.98, 1.56) 1.26 (0.98, 1.56)

IHD 0.01 1.01 2 stars 1.09 (0.99,118) 112 (0.99, 1.25)

Type 2 diabetes 0.01 1.01 2 stars 114 (0.97,1.32) 1.23 (0.96, 1.52)

Ischemic stroke -0.02 0.98 1star 1.05 (0.97,1.12) 115 (0.93,1.4)

Hemorrhagic stroke -0.13 114 1star 0.9 (0.64,1.26) 0.87 (0.56, 1.35)

The ROS represents the signed value of the log BPRF averaged across the 15th to 85th percentiles of exposure: the lower (if harmful) or higher (if protective) uncertainty interval—inclusive of
between-study heterogeneity—for the RR curve for each risk-outcome pair. ROSs are directly comparable across outcomes and each risk-outcome pair receives an ROS based on the final formulation of
the risk curve. For hemorrhagic stroke, the ROS reflects a protective effect of red meat consumption, whereas for the other outcomes it reflects a harmful effect. Negative ROSs indicate that a conservative
interpretation of the available evidence suggests there may be no association between risk and outcome. For ease of interpretation, we have transformed the ROS and BPRF into a star rating (1-5), with a

higher rating representing a larger effect and stronger evidence.

(n=14) and dietary components such as energy intake and fruit and
vegetables (n=16). Most cohorts reported the RR of colorectal can-
cer incidence (n=18); no significant difference between incidence
and mortality RRs was detected in covariate selection and no other
bias covariates were identified by the covariate selection algorithm
of the meta-regression.

We found weak evidence of harmful associations between
unprocessed red meat consumption and risk of colorectal cancer;
the mean RR at 50 gd ™" relative to no intake was 1.30 (95% UI inclu-
sive of between-study heterogeneity of 1.01-1.64), while the mean
RR at 100gd™" was 1.37 (1.01-1.78) (Table 2 and Fig. 1), where the
Uls account for between-study heterogeneity and other forms of
uncertainty. We estimated the exposure-averaged burden of proof
RR to be 1.06, indicating that consuming unprocessed red meat in
the range of 15th to 85th percentiles of exposure (0gd™ to 98gd™)
was associated with at least a 6% higher risk of colorectal cancer.
This corresponds to an ROS of 0.06 and a two-star rating, consistent
with weak evidence.

Unprocessed red meat consumption and breast cancer. Six
cohorts from Europe and four cohorts from North America were
used to evaluate the association between unprocessed red meat
intake and incidence of breast cancer?®***+*740:4221555%65 The total
number of participants across all cohorts was 999,428 individu-
als; the follow-up period ranged from 4.1 to 20.3 years (mean, 8.4
years); and the total number of incident cases was 25,732. In seven
cohorts, the RR was adjusted for BMI and in eight cohorts, it was
additionally adjusted for dietary components. All studies reported
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the RR of breast cancer incidence. There were no bias covariates
identified by our algorithm as statistically relevant for inclusion in
the model.

We found weak evidence of a harmful association between
unprocessed red meat intake and risk of breast cancer. The BPRF
value (averaged across the 15th to 85th percentiles of red meat con-
sumption, 0-69 gd™!) was 1.03, which was substantially lower than
the mean RR of 1.26 (0.98-1.56) and 1.26 (0.98-1.56) at 50gd™' and
100gd™", respectively. The corresponding ROS is 0.03 (Table 2 and
Fig. 2), which translates to a two-star risk and means that unpro-
cessed red meat intake is associated with at least a 3% higher risk of
colorectal cancer. When accounting for between-study heterogene-
ity, the mean RR Ul at different exposure levels spanned 1 (Table 2).

Unprocessed red meat consumption and ischemic heart disease.
We included 11 prospective cohorts in the analysis of unprocessed
red meat consumption and IHD'!#2331:36:4152566374 "The cohorts were
from North America (n=4), Europe (n=4) and Asia (n=3). The
total number of participants across cohorts was 1,219,288 indi-
viduals and the mean duration of follow-up was 11.6 years (range,
5.5-30 years). Overall, 33,490 cases of IHD were recorded across
all cohorts. These included 25,222 nonfatal cases, 3,959 fatal cases
and 4,309 unspecified nonfatal/fatal cases. In most cohorts, the RRs
were adjusted for BMI (n=8) and dietary components (n=10).
Five studies reported the RR of IHD mortality, four reported for
incidence and two reported a combination of incidence and mortal-
ity. We evaluated the effect of potential bias covariates, including
an indicator that we assessed for differentiating between the RR of
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Fig. 2 | Unprocessed red meat consumption and breast cancer. a, Log-RR function. b, RR function. ¢, A modified funnel plot showing the residuals (relative
to O0) on the x axis and the estimated s.d. that includes reported s.d. and between-study heterogeneity on the y axis.
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Fig. 3 | Unprocessed red meat consumption and ischemic heart disease. a, Log-RR function. b, RR function. ¢, A modified funnel plot showing the residuals
(relative to 0) on the x axis and the estimated s.d. that includes reported s.d. and between-study heterogeneity on the y axis.

incidence and the RR of mortality and found that no bias covariates
in our analysis had a significant effect on RR. We therefore did not
include any in our model.

We found weak evidence of a harmful association between
unprocessed red meat consumption and risk of IHD. The RR was
1.09 (0.99-1.18) at 50gd-' and 1.12 (0.99-1.25) at 100gd~" (Table 2
and Fig. 3). The corresponding exposure-averaged BPRF was 1.01,
which translates to a ROS of 0.01 and a two-star rating at the lower
threshold of two-star pairs (at the boundary between weak evidence
and no evidence of an association between consumption of unpro-
cessed red meat and increased risk of IHD incidence and mortality).

Unprocessed red meat consumption and type 2 diabetes. We
identified 17 prospective cohorts evaluating the relationship
between unprocessed red meat consumption and type 2 diabe-
tes among 1,619,574 participants'?30:3%4311:1853566264666971 - Ejght
cohorts were from Europe, six from North America and three from
Asia. Follow-up time ranged from 4.6 to 28 years (mean 11.6 years).
Overall, 58,364 new cases of diabetes and 3,717 deaths from dia-
betes were recorded. In all cohorts but one, the RR was adjusted
for BMI and in 15 cohorts, the RR was adjusted for dietary com-
ponents. Only one cohort reported the RR of diabetes mortality
and the rest reported incidence. No bias covariates were found
to be statistically relevant and therefore none were included in
the model.

We found evidence of weak harmful effects between unpro-
cessed red meat consumption and risk of type 2 diabetes, with a
mean RR of 1.14 (0.97-1.32) at 50gd~" relative to no intake and a
mean RR of 1.23 (0.96-1.52) at 100 g d ™! relative to no intake (Table 2
and Extended Data Fig. 2). The BPRF value was 1.01 and the
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corresponding ROS was 0.01, equating to a two-star rating at the
lower threshold of two-star pairs (at the boundary between weak
evidence and no evidence of an association between consumption
of unprocessed red meat and increased risk of type 2 diabetes).

Unprocessed red meat consumption and ischemic stroke. The
relationship between consumption of unprocessed red meat and
ischemic stroke was assessed in eight prospective cohorts from
Europe (n=4), North America (n=2) and Asia (n=2)>"64706365,
The number of participants across all cohorts was 1,185,969 indi-
viduals; the mean duration of follow-up was 11.4 years (range,
5.5-26 years); and the total number of events was 12,500 (11,996
nonfatal and 504 fatal cases). The RRs were adjusted for BMI (1 =6)
in all but two cohorts and for dietary components in all cohorts
(n=8). Most studies reported the RR of ischemic stroke incidence
(n=6). No bias covariates were found to be statistically relevant and
therefore none were included in the model.

The exposure-averaged BPRF value for ischemic stroke (aver-
aged between 15th and 85th percentiles of red meat exposure) was
0.98 (Table 2 and Extended Data Fig. 3), which put it opposite null
from the mean RR of 1.15 (95% Ul inclusive of between-study het-
erogeneity of 0.93-1.40) at 100gd™". The corresponding ROS of
-0.02 resulted in a one-star rating, consistent with no evidence of
an association between consumption of unprocessed red meat and
increased risk of ischemic stroke.

Unprocessed red meat consumption and hemorrhagic stroke. We
evaluated the relationship between consumption of unprocessed red
meat and hemorrhagic stroke using eight prospective cohorts from
Europe (n=4), North America (n=2) and Asia (n=2)>"67206365,
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The number of participants across all cohorts was 1,185,969 indi-
viduals the mean duration of follow-up was 11.4 years (range: 5.5-
26 years); and the total number of events was 4,176 (3,646 nonfatal
and 530 fatal cases). In addition to adjustments to the RRs for major
confounders, all but two cohorts included adjustments for BMI
(n=6) and all were adjusted for dietary components (n=8). More
studies reported the RR of hemorrhagic stroke incidence (n=6)
than mortality. No bias covariates had a significant effect on RR, so
none were included in the model.

The exposure-averaged BPRF value for hemorrhagic stroke was
1.14 (Table 2 and Extended Data Fig. 4), which was opposite null
from the mean RR of 0.87 (0.56-1.35) at 100 gd~". The correspond-
ing ROS of —0.13 resulted in a one-star rating, consistent with no
evidence of an association between consumption of unprocessed
red meat and decreased risk of hemorrhagic stroke.

Minimum risk level of unprocessed red meat intake. The aggre-
gated risk curve for the six outcomes in our analysis combined was
minimized at a mean unprocessed red meat consumption level of
0gd™ (95% UI 0-200) (Fig. 4). As shown in Fig. 4, the relation-
ship between unprocessed red meat intake and combined-cause
incidence and mortality was increasing across the entire exposure
domain. Additional details on the results, along with sensitivity
tests, are presented in Supplementary Information (section 2.3).

Risk of bias assessment. We assessed potential publication and
reporting bias using Egger’s regression and visual inspection of the
funnel plots (Figs. 1c-3c and Extended Data Figs. 2c-4c). We found
no evidence of publication or reporting bias in five of the six dis-
ease outcomes investigated, and mild evidence in ischemic stroke.
Supplementary Information (section 3) contains detailed results for
our assessment of study quality and risk of bias.

Discussion

We evaluated the relationship between unprocessed red meat con-
sumption and six selected disease outcomes following implementa-
tion of a meta-analytic approach®. We found that unprocessed red
meat intake had weak evidence of an association with increased risk
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of colorectal cancer, breast cancer, IHD and type 2 diabetes and no
evidence of an association with ischemic stroke and hemorrhagic
stroke. In other words, given all the data available on red meat
intake and risk of a subsequent outcome, we estimate that consum-
ing unprocessed red meat across an average range of exposure lev-
els increases the risk of subsequent colorectal cancer, breast cancer,
IHD and type 2 diabetes at least slightly compared to eating no red
meat (by at least 6%, 3%, 1% and 1%, respectively). Furthermore,
the conservative interpretation of available data is consistent with
no association between consuming unprocessed red meat and the
risk of subsequent ischemic stroke or hemorrhagic stroke.

Based upon the star rating categories”, unprocessed red meat
and colorectal cancer, breast cancer, IHD and type 2 diabetes are
all two-star pairs, whereas the two stroke causes are one-star pairs.
These star ratings reflect both the magnitude of the RR and its
uncertainty and offer policy makers a simple way to conceptualize
and compare the evidence for an association between risk and out-
come. However, policy makers should pay attention to all potential
risks, even those that only receive one-star or two-star ratings and
especially when exposure prevalence is high. Further, the precau-
tionary principle suggests that public policy should pay attention
to all potential risks, as it is possible that as evidence accumulates,
a stronger association may emerge for some pairs. Conversely, the
results for IHD and type 2 diabetes are at the threshold between
two-star and one-star ratings and further evidence may show that
available data are consistent with no association between elevated
unprocessed meat consumption and these outcomes. Because the
current evidence for an association between unprocessed red meat
and risk of these health outcomes is weak there is a critical need
for better data from large-scale, high-quality studies in locations
around the world. More evidence either in support of or against an
association will allow policy makers to make better-informed deci-
sions on diet recommendations.

A key finding of our analysis is that there is substantial
between-study heterogeneity and uncertainty for all six risk-out-
come pairs included. This may partly reflect the high degree of het-
erogeneity often present in data sources used for dietary analysis,
which typically comprise observational studies. This heterogeneity
limited the sensitivity of our analysis to identify clear—and poten-
tially clinically important—relationships between intake and disease
end points. Although visual inspection of the mean risk functions
suggests a positive (harmful) relationship between unprocessed red
meat intake and colorectal cancer, type 2 diabetes, IHD, ischemic
stroke and breast cancer and a negative (protective) relationship
with hemorrhagic stroke, the large degree of heterogeneity present,
coupled with the moderate mean effects, generated wide Uls for the
mean risk functions.

The level of red meat intake to optimize physical health is the
subject of much interest and there is a wide range of recommen-
dations in the literature®'’. By aggregating the outcome-specific
risk curves computed in the present analysis, we generated a RR
curve for the six outcomes combined that minimized risk at 0 gd™
(95% UI 0-200) of unprocessed red meat consumption. This mean
minimum risk is lower than the intake level recommended by the
EAT-Lancet Commission (14gd™")% Across the full range of expo-
sures plotted on the combined-cause RR curve, we did not observe a
significant relationship between unprocessed red meat consumption
and combined-cause incidence and mortality (the 95% uncertainty
interval is inclusive of 0). In light of these findings, we contend that
consuming no unprocessed red meat likely minimizes the risk of
health consequences compared to consuming any, but that the wide
uncertainty and low star ratings prevent us from making a strong
intake-level recommendation.

Previous meta-analyses have varied in their findings. With
respect to colorectal cancer, the WCRF changed the grade of evi-
dence for the relationship between red meat intake and colorectal
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cancer from possible to probable in 2017, reporting an RR of 1.12
(1.00-1.25)"°. This estimate of RR is lower in magnitude than our
result but was still found to be significant. For breast cancer, our
finding of weak evidence of an association is generally consis-
tent with previous literature, including a previous meta-analyses
conducted by Farvid and colleagues (RR, 1.06; 0.99-1.14)" and
Anderson and colleagues (RR, 1.03; 0.99-1.08)"%. Previous findings
for IHD have been inconsistent, with Bechthold and colleagues find-
ing an association between red meat intake and IHD'", but Abete
and colleagues” and Micha and colleagues® reporting no asso-
ciation. Several meta-analyses examining the association between
red meat consumption and type 2 diabetes identified associations
of similar magnitude to our findings, though our Uls are wider;
in 2017, Schwingshackl et al. reported an RR of 1.17 (1.08-1.26)"
and in 2011, Pan and colleagues found an RR of 1.19 (1.04-1.37)".
Although previous evidence on red meat and ischemic stroke has
generally shown an association, which conflicts with our finding,
the uncertainty intervals have been very close to the null. Yang
et al.”" found that fresh (unprocessed) red meat consumption was
associated with ischemic stroke (RR, 1.15; 1.03-1.29), as did Chen
et al.®> (RR, 1.13; 1.01-1.25) and Kim et al.*® (1.24; 1.05-1.46) for
total red meat. Any discrepancies between our findings and those
in previous meta-analyses is primarily a reflection of our incorpo-
ration of between-study heterogeneity, not assuming a log-linear
risk function and including newly available data. Our methods that
included between-study heterogeneity in the uncertainty estimate
revealed substantial uncertainty regarding the relationship between
unprocessed red meat consumption and hemorrhagic stroke.
Previous evidence regarding this relationship has been inconclu-
sive. A 2019 study based on the EPIC Oxford cohort identified a
higher rate of hemorrhagic stroke in vegetarians than in meat eat-
ers, although this finding was not limited to red meat intake®. A
meta-analysis by Yang and colleagues reported a pooled RR of 0.88
(0.73-1.06) for each 100 gd™ increase in intake of unprocessed red
meat®'. Before that, meta-analyses by Chen and colleagues reported
an RR of 0.99 (0.77-1.28)* and Kaluza and colleagues reported an
RR of 1.08 (0.84-1.39)".

The effects of unprocessed red meat intake we observed vary over
consumption levels. In particular, we observed high data inconsis-
tency in evidence at low levels of red meat consumption, illustrating
the importance of which foods serve as replacements for red meat.
A systematic review of evidence from trials evaluating the effect of
red meat on cardiovascular risk factors highlighted this replace-
ment effect, showing that the harmful impact of red meat intake
depends on the types of foods consumed in place of red meat™. At
a lower level of intake, a wide range of healthy or unhealthy diet
components might be substituted for red meat and could increase
heterogeneity in the health effects of red meat across studies. We
also observed a plateauing of the risk curves at high intake, indi-
cating that above a certain threshold of intake, the risk levels off.
Our ability to observe these non-linear relationships suggests that
the associations between red meat intake and disease end points are
better characterized by a flexible non-log-linear risk curve, allowing
the observation of patterns that were potentially obscured in previ-
ous research by reliance on log-linear risk curves.

Our analysis has several strengths. We present an approach to
dose-response risk curve estimation that uses exposure ranges
from cohort studies to infer flexible risk functions without impos-
ing log-linear assumptions. The approach quantifies between-study
heterogeneity and uses this information to distinguish risk-out-
come pairs with strong evidence from those with weak evidence
to inform policies and guidance on unprocessed red meat intake.
To explain some of the between-study heterogeneity, the approach
uses bias covariates automatically selected from an expert-defined
candidate set consistent with GRADE®, Cochrane® and other
evidence-grading criteria. Application of this analysis method to
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other diet components may yield insights into the shape of risk
functions and burden of proof risk functions for a variety of dietary
factors. Further, our analysis method and findings are compatible
with GBD analyses of prevalence of exposure and background rates
of disease outcomes. Collectively, the GBD comparative risk assess-
ment framework allows for the evaluation of the importance of
risk-outcome pairs across the full range of risk-attributable burdens
and star ratings. For instance, a risk factor with high prevalence of
exposure and a two-star relationship with a common and serious
health outcome might warrant more policy focus than a risk fac-
tor with lower prevalence of exposure and a three-star or four-star
relationship with a rare or less severe health outcome. The star rat-
ing for a risk—outcome pair is just one component to consider when
making policy recommendations, but its compatibility with GBD
estimates adds value to our approach.

Although our meta-analysis approach presents an analytic
framework to quantify and account for a wide range of source data
characteristics that may have obscured aspects of risk-outcome
relationships investigated in previous studies, there were a num-
ber of limitations related to our source data, our methodological
approach and our ability to interpret the data that we were unable to
address. First, we did not identify any randomized controlled trials
that evaluate the relationship between red meat intake and chronic
diseases among adults; therefore, all of the studies included in our
analysis were observational and we were unable to definitively
assess causality. Second, while many of the sources we included
adjusted to some degree for major confounders such as age, sex,
smoking, certain other dietary components, cooking method,
socioeconomic status and regional dietary patterns, the level and
rigor of adjustment varied across studies, leaving the potential for
residual confounding. Third, the definition of exposure and unit
of exposure were not identical across studies and consumption
of red meat was self-reported (and in most studies assessed only
at baseline), raising the potential for recall bias and other report-
ing and/or measurement errors that may have resulted in exposure
misclassification. Fourth, we assessed and summarized the risk of
bias for each study but included all data points in our model instead
of limiting to those scoring ‘low risk of bias’ on standard assess-
ments because of the low availability of data. Fifth, the data came
primarily from North America, Europe and Asia, which potentially
limits the interpretability and application of our findings to loca-
tions outside of these regions. Sixth, although research suggests that
red meat intake may be crucially related to infant and child growth
and development®®, this analysis evaluated the effect of red meat
consumption on selected chronic disease end points in adults only
and did not attempt to address questions of development in children
and adolescents. Seventh, our trimming approach requires that the
threshold for outliers be user-specified. Our sensitivity analyses
demonstrate that fitting 90% of the data was most appropriate, but
automation of this process would strengthen the approach. Eighth,
types of publication and reporting biases other than those related to
the association of reported effect sizes and s.d. are difficult to evalu-
ate within our methodological framework. This is particularly true
when studies are more consistent with each other than expected by
chance”. Ninth, we used Gaussian priors on the bias covariates to
avoid overfitting, which meant that relationships were only iden-
tified when there were sufficient studies supporting the estimate
of the bias. Using alternative priors might change the biases that
were detected. Finally, we chose to calculate an exposure-averaged
BPRF and ROS based on a wide range of exposure levels (15th to
85th percentiles). For some pairs, particularly for the one-star pairs,
there may be smaller ranges of exposure within which the magni-
tude of the BPRF was larger and significant, indicating a significant
association between risk and outcome at a certain level of exposure.
Picking an ‘average’ range of exposure was necessary for assigning
each pair a single star rating and we believe a single rating is more
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useful from a policy perspective because of its simplicity, but this
added level of complexity may be worth considering in subsequent
analyses.

In conclusion, we applied the BPRF framework of Zheng et al.*’
to present a systematic meta-analysis of red meat consumption on
six important health outcomes. Our analysis found a high degree of
between-study heterogeneity and uncertainty in the existing body of
evidence on the health effects of red meat intake. When all forms of
uncertainty including between-study heterogeneity were incorpo-
rated, we found weak evidence of associations between unprocessed
red meat consumption and colorectal cancer, breast cancer, IHD
and type 2 diabetes. The available data were consistent with no asso-
ciation between unprocessed red meat consumption and ischemic
stroke and hemorrhagic stroke, which received one-star ratings.
While there is some evidence that eating red meat increases risk of
chronic disease, there is insufficient evidence to make stronger or
more conclusive recommendations. More rigorous, well-powered
research is needed to better understand and quantify the relation-
ship between red meat consumption and chronic disease.
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Methods

Overview. The analytical approach (described previously”) can be summarized in
six steps: (1) search and extract data from published studies using a standardized
approach; (2) estimate the shape of the exposure versus RR relationship, integrating
over exposure ranges in different comparison groups and avoiding the distorting
effect of outliers; (3) test and adjust for systematic biases as a function of study
attributes; (4) quantify remaining between-study heterogeneity while adjusting
for within-study correlation induced by computing RRs for several alternatives
with the same reference, as well as the number of studies; (5) evaluate evidence for
small-study effects to evaluate potential risks of publication or reporting bias; and
(6) estimate the BPRF—quantifying a conservative interpretation of the change

in average risk across the range of exposure supported by the evidence—using
this estimate to compute the ROS and map it onto a star-rating system, stratifying
risk into five levels. Zheng and colleagues® previously published the technical
developments required to implement this approach and disseminated them using
open-source Python libraries™.

The estimates for our primary indicators from this work—RRs across a range
of exposures, BPRFs, ROSs and star ratings for each risk-outcome pair—are
not specific to, or disaggregated by, specific populations (we did not estimate by
location, sex or age group; though this analysis evaluated the effects of unprocessed
red meat consumption on selected chronic disease end points in adults 25 years
and older only and breast cancer is only applicable to females). The reports we
referenced included information about the self-reported sex of the participants but
did not all include sex-specific RR estimates; also, studies were excluded if they
did not meet our minimum threshold for confounder adjustment of adjusting for
age and sex. These factors precluded us from performing any sex-based analyses.
The measures of risk can be considered current until subsequent analyses are made
based on newly available data.

We followed the PRISMA guidelines™ through all stages of this study
(Extended Data Fig. 1 and Supplementary Tables 3 and 4). This study complies
with the Guidelines on Accurate and Transparent Health Estimate Reporting
recommendations” (Supplementary Table 5). This study was approved by the
University of Washington Institutional Review Board Committee (study 9060).
The systematic review was not registered.

Selecting health outcomes. We selected outcomes on the basis of the availability of
epidemiological evidence on their potential relationship with red meat. As detailed
by Murray et al.’, risk-outcome pairs were initially selected using the WCRF
criteria for convincing or probable evidence. Guidance from WCREF states that
probable (strong) evidence is ‘strong enough to support a judgment of a probable
causal (or protective) relationship.” A probable association generally requires
evidence from at least two independent cohort studies, no substantial unexplained
between-study heterogeneity, good-quality studies and evidence of biological
plausibility.

After evaluating published literature on the relationship between red meat and
various disease end points, we found sufficient studies assessing the relationship
between red meat consumption and six outcomes: incidence of and mortality due
to hemorrhagic stroke, type 2 diabetes, colorectal cancer, IHD and ischemic stroke
and incidence of breast cancer. Supplementary Information, section 5, provides
more details on the outcomes for which data were sought.

Conducting systematic reviews. We systematically searched PubMed for reports
of cohort studies that included meat consumption, selecting reports evaluating the
relationship between consumption of red meat and each of the outcomes. These
literature searches were last performed on 10 May 2022. To ensure that we were
capturing the most recent literature, we also searched Embase and Web of Science
for reports published within the past 2 years, as well as the citation lists of recent
systematic reviews on health effects of red meat’'>'%77-#33-1% for relevant original
investigations. Titles and abstracts of all identified articles were manually screened
by one investigator. A second investigator reviewed a random sample of 20% of
excluded reports for potential discrepancies; no discrepancies were found. Full
texts of potentially relevant articles were manually assessed for eligibility by two
investigators. Supplementary Information, section 5.1, contains the full

search string.

We defined red meat consumption as total consumption of unprocessed red
meat, including beef, lamb and pork, excluding processed meat. Reports involving
processed meat were excluded because we aimed to distinguish the health effects of
red meat intake per se from the health effects of meat preservatives or preservation
byproducts. We also excluded reports that did not report RRs or only reported RR
estimates that were unadjusted for key confounders such as age and sex. When
duplicate publications from the same study were identified, we only included the
report that included the longest duration of follow-up in person-years.

We defined outcomes using the most highly specified diagnosis possible. For
stroke outcomes, we excluded data points on total stroke from the hemorrhagic-
and ischemic-specific models, as we found that including total stroke data points
obscured the unique relationships between red meat and the two types of stroke for
which we had sufficient data to model separately. Similarly, for IHD, we excluded
RRs from incidence or mortality of unspecified cardiovascular disease outcomes
and limited our model to RRs specifically associated with IHD outcomes to most
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accurately assess the relationship with THD. Supplementary Information, section
5, contains a full list of inclusion and exclusion criteria. Data from 55 total reports
met inclusion criteria for at least one of the six outcomes and were included in the
risk-outcome pair-specific analysis"'"*-7°.

Data extraction was manually conducted by two investigators. For each study,
we extracted data on study name, location, design, population (age, sex, race and
sample size), duration of follow-up, exposure definition, exposure assessment
method, exposure categories, outcome definition, outcome ascertainment method
and specific confounders that were included in the adjusted effect size. For each
exposure category, we also collected data on the range of exposure, number of
participants, person-years, number of events and risk estimate and associated
uncertainty. Supplementary Table 6 contains a full list of extracted variables.

We standardized the exposure unit to grams of consumption per day. For

reports describing consumption in servings of red meat with no corresponding
information about serving size, we assumed a serving size of 85gd™" (ref. '**). For
reports that gave mean consumption rather than intake range, we calculated the
range by using the midpoint between means to provide a cutoff for intake intervals.
For undefined lower bounds, we assumed a consumption level of 0 gd™". For
undefined upper bounds when mean and s.d. values were not available, we applied
the range from the cohort’s most adjacent quartile or tertile to estimate the upper
bound of consumption, specific to each study cohort.

Estimating the shape of the risk-outcome relationship. Following Zheng et al.”’,
we modeled each non-linear dose-response as a quadratic spline*'. For each risk-
outcome pair, we first modeled the non-linear RR function without a monotonicity
constraint to observe the unconstrained behavior. For outcomes in which the
mean curve remained above one across the whole domain and was generally
increasing, we then fitted a final model applying a monotonicity constraint to
ensure that the mean risk curve was non-decreasing. For outcomes in which the
curve decreased then increased and was minimized at a non-zero value, we did not
apply a monotonicity constraint but instead implemented a linear-tail constraint
(sometimes referred to as ‘natural’ splines in curve-fitting literature) on the left
side of the domain to ensure more plausible risk curve behavior at low exposure
levels. Linear-tail constraints ensure that the final segment on one side of the
domain is linear, rather than a quadratic or cubic binomial and are a common way
to regularize spline behavior. We present the sensitivity of the results based on this
assumption in the Supplementary Information, section 2.1.

Because knot placement can affect the shape of the risk function when
modeling with a spline, we generated a wide range of knot placements and created
an ensemble across 50 component models, weighted by their fit to the data and
the smoothness of fit to the observations. We also included in the final estimation
10% trimming of the data to avoid sensitivity to outliers; trimming from within
the likelihood is an efficient way to identify outliers without manually selecting
them”-'*®. Through this process, we generated a mean RR curve across the range of
exposures (a measure of effect size) for each red meat-outcome pair. We obtained
uncertainty estimates for the mean risk curves using a parametric bootstrap
approach. Details on the fitting procedure, including trimming, ensemble
generation and posterior uncertainty estimation, can be found in Zheng et al.*’.

Testing for bias across different study designs and characteristics. To capture
bias within the studies and data points, we followed the approach of Zheng

et al.”, using a Lasso'*'"” covariate selection scheme to rank the potential bias
covariates. We then converted the dose-response relationship previously estimated
by non-linear meta-regression into a new ‘signal’ covariate and used linear
meta-regression to systematically test for significant modification of the ‘signal’
by each bias covariate—adding them to the model one at a time based on the
Lasso ranking. Significant bias covariates were then included in the spline models;
the details of this procedure have been published elsewhere”. Supplementary
Information, section 3 provides more information on our risk of

bias assessment.

Quantifying between-study heterogeneity, accounting for heterogeneity,
uncertainty and small numbers of studies. The variance of between-study
random effects is notoriously difficult to estimate. We quantified between-study
heterogeneity (the level of disagreement in the inferred relationship between risk
and outcome found in each study) by scaling the non-linear RR based on each
study using a study-specific random slope with respect to the new bias covariate
model. For cases with small numbers of studies, the estimated between-study
heterogeneity can often be zero. To safeguard against underestimating the
between-study heterogeneity when too few studies were available, we used

the Fisher information matrix'*® to estimate the variance of the between-study
heterogeneity, Zheng et al.”” provides more details. Our main results include the
effect of between-study heterogeneity in Uls, although we also present Uls

that do not include it (as is standard in conventional meta-regressions) in
Supplementary Table 7.

Evaluating potential for publication or reporting bias. To assess potential
publication or reporting bias, we used a data-driven approach known as Egger’s
regression'” to test for significant correlation between the residuals of the risk
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function and their s.d. When Egger’s regression failed to detect significant evidence
of publication bias, we terminated the process.

When significant bias was detected, we adjusted for it using an appropriate
modification of the trim-and-fill algorithm''"’. The trimming process in extracting
the signal covariate is robust both to outliers and to classic cases of publication
bias. Given a robust estimate of the mean curve, we applied the ‘fill’ part of
the trim-and-fill approach, using the rank statistics and residuals to compute
the number of points that need to be ‘filled’ The correct number of the most
extreme residuals was then reflected and might affect our resulting estimate of
heterogeneity. When fitting for the updated between-study heterogeneity, we
used a prior coming from the original fit, with s.d. obtained from the Fisher
information.

In addition to this statistical test of publication or reporting bias, we generated
funnel plots of the residuals of the risk function and s.d. and inspected them
visually. In the presence of significant publication bias, we used the trim-and-fill
method to adjust for bias*'"’.

Determining minimum risk consumption level. To determine the minimum risk
level of red meat consumption, we aggregated the outcome-specific risk curves to
generate an aggregated mortality curve for the six causes in our analysis combined,
which we used to identify the exposure range that minimizes risk. Specifically, we
took a weighted average of the risk curve draws for each outcome, using the GBD
2019 burden of each outcome—with deaths as the metric—as weights>''!. Then we
calculated the exposure level that minimized combined-cause mortality for each
draw and reported the median and associated 95% UI.

Estimating the burden of proof risk function. Using estimates of the mean risk
function and corresponding 95% Uls—inclusive of between-study heterogeneity
and reflective of other bias adjustments—as described in the preceding sections, we
calculated a BPRF for each risk-outcome pair. Specifically, for y=between-study
heterogeneity, we let y,,; represent the 95% quantile according to the asymptotic
distribution obtained using Fisher information. We computed the lower envelope
of the log-RR curve that included fixed effects uncertainty as well as y,,; and found
the average value of this curve at specific exposures and along the specified ranges
of exposure. The BPRF is defined as the fifth (if harmful) or 95th (if protective)
quantile risk curve—inclusive of between-study heterogeneity—closest to the

RR equal to one (the null). The BPRF reflects a conservative interpretation of

the available evidence and is a measure of the lowest level of excess risk (or risk
reduction, for protective risks) that is consistent with the available data; the higher
the BPRE, the higher the magnitude and strength of the relationship. This value can
be interpreted such that even accounting for between-study heterogeneity and its
uncertainty, we are confident that the log RR across the studied unprocessed meat
consumption range is at least as high as the BPRF (or at least as low as the BPRF for
a protective risk).

We then calculated ROSs as the signed average log RR of the BPRF over the
15th to 85th percentiles of observed exposure®. For example, a mean log BPRF of
0.4 for a harmful risk (where null=0 for log RR) and a mean log BPRF of -0.4 for
a protective risk would both have an ROS of 0.4 because the magnitude of the log
RR is the same. In contrast, for risk-outcome pairs with a BPRF opposite the null
from the mean risk, ROS would be calculated as negative. A positive risk score
indicates that across average levels of exposure, the UI bound that is closest to null
is on the same side of null as the mean risk curve. Positive ROSs indicate evidence
of a risk—outcome relationship. Overall, a larger positive ROS indicates more
consistency in evidence and a higher average effect size across the continuum of
the risk. As an estimate of strength of evidence, the ROS is also directly comparable
across outcomes, so we can use it to rank disease outcomes by confidence in their
relationship to red meat consumption.

Finally, to aid interpretability of our findings for policy makers and research
funders, we converted the ROSs to star-rating categories from one to five, with
a higher rating indicating that the evidence for and magnitude of a relationship
between risk and outcome is stronger. The conservative interpretation suggests
that, for one-star pairs, there may be no true association between risk exposure
and health outcome. As noted, we further divided the positive ROSs into ranges
of at least a 0-15% increase (for harmful risks) or 0-13% decrease (for protective
risks) in risk with average exposure (two stars), >15-50% increase or >13-34%
decrease (three stars), >50-85% increase or >34-46% decrease (four stars) and
greater than 85% increase or greater than 46% decrease (five stars). In ROS terms,
the ranges are <0.0, 0.0-0.14, >0.14-0.41, >0.41-0.62 and >0.62 for both harmful
and protective risks.

Model validation. We used detailed simulations to validate key components of
the meta-regression model. The details of these model validations are available

in Zheng et al.”’. In brief, we simulated three scenarios: many studies with many
data points per study, many studies with few data points per study and few studies
with few data points per study. For each simulation, we compared the results from
our model with results obtained using existing approaches, including a log-linear
meta-analysis implemented in the metafor package'' as well as one-stage'"” and
two-stage''* competing approaches using the dosresmeta package'"”. For log-linear
relationships, our approach and the metafor package showed similarly superior

performance over the one- and two-stage approaches, whereas for non-log-linear
relationships, our approach produced uniformly better performance across all
scenarios compared to the other approaches.

Statistical analysis. Analyses were carried out using R v.3.6.1, Python v.3.8 and
Stata v.17. To validate key aspects of the meta-regression model used in this
analysis, the following packages were used, as described by Zheng et al. metafor
(R package available for download at https://www.jstatsoft.org/article/view/
v036i03) and dosmesreta (R package available for download at https://www.
jstatsoft.org/article/view/v072c01).

Statistics and reproducibility. The study was a secondary analysis of existing data
involving systematic reviews and meta-analyses. No statistical method was used
to predetermine sample size. As the study did not involve primary data collection,
randomization, blinding and data exclusions are not relevant to this study; and, as
such no data were excluded and we performed no randomization or blinding. We
have made our data and code available to foster reproducibility.

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

Data availability

The findings from this study were produced using data available in the published
literature. Data sources and citations for each risk-outcome pair can be
downloaded using the ‘download’ button on each risk curve page available at
https://vizhub.healthdata.org/burden-of-proof/. Study characteristics and citations
for all input data used in the analyses are also provided in Supplementary Table 1,
a template of the data collection form is in Supplementary Table 6 and the results
from individual studies are in Supplementary Table 8.

Code availability

All code used for these analyses is publicly available online (https://github.com/
ihmeuw-msca/burden-of-proof). This includes code for the meta-regression
engine, the model specification interface, both parts of the data processing and
risk-specific custom code, as appropriate.
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Extended Data Fig. 1| PRISMA flow diagram of unprocessed red meat data seeking approach. The PRISMA flow diagram covering unprocessed red meat
and all 6 outcomes. Template is from: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an
updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136,/bmj.n71. For more information, visit: http://www.prisma-statement.org/.
* EMBASE and Web of Science were searched for recent records (from January 1, 2020, to May 10, 2022) to augment the date-unrestricted PubMed search
(records up to May 10, 2022).
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the residuals (relative to 0) on the x-axis and the estimated standard deviation (SD) that includes reported SD and between-study heterogeneity on the

y-axis.
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Extended Data Fig. 3 | Red meat consumption and ischemic stroke. a, log-relative risk function. b, relative risk function. ¢, A modified funnel plot showing
the residuals (relative to 0) on the x-axis and the estimated standard deviation (SD) that includes reported SD and between-study heterogeneity on the
y-axis.
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Extended Data Fig. 4 | Red meat consumption and hemorrhagic stroke. a, log-relative risk function. b, relative risk function. ¢, A modified funnel plot
showing the residuals (relative to O) on the x-axis and the estimated standard deviation (SD) that includes reported SD and between-study heterogeneity
on the y-axis.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X’ A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OXO O O00000F%

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  No primary data collection was carried out for this analysis.

Data analysis All code used for these analyses is publicly available online (https://github.com/ihmeuw-msca/burden-of-proof). This includes code for the
meta-regression engine, the model specification interface, both parts of the data processing, and risk-specific custom code, as appropriate.
Analyses were carried out using R version 3.6.1, Python version 3.8, and Stata version 17.

To validate key aspects of the meta-regression model used in this analysis, the following packages were used, as described in Zheng et al:
metafor (R package available for download at https://www.jstatsoft.org/article/view/v036i03) and dosmesreta (R package available for
download at https://www.jstatsoft.org/article/view/v072c01).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The findings from this study were produced using data available in the published literature. Study sources and citations for each risk-outcome pair can be
downloaded using the “download” button on each risk curve page at https://vizhub.healthdata.org/burden-of-proof/. Citations for all input studies are found in the
main reference list as reference numbers 24-78. Study characteristics for all input data used in the analyses are also provided in Supplementary Table 1. See
Supplementary Table 6 for a template of the data collection form.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No primary data collection was carried out for this analysis, so the study does not involve human research participants. As
stated in the methods overview, our estimates are not specific to or disaggregated by specific populations, including by sex.
Because of this, we included all available data regardless of how or if the input study collected and reported data by sex or
gender. We did not perform sex- or gender-based analyses due to limitations in and scarcity of the underlying data.

Population characteristics No primary data collection was carried out for this analysis, so the study does not involve human research participants. The
analysis evaluated the effect of unprocessed red meat consumption on selected chronic disease endpoints in adults 25 years
through the oldest age group (95+ years).

Recruitment No primary data collection was carried out for this analysis, so we did not recruit participants.

Ethics oversight This study was approved by the University of Washington IRB Committee (study #9060).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed for this meta-analysis; all available datasets meeting inclusion criteria or included. As
reported in the main text results sections for each risk-outcome pair, the number of data points for each of the risk-outcome pairs is as
follows: red meat and colorectal cancer: 2,413,032 individuals (14,672 incident cases, 1,530 deaths); red meat and breast cancer: 999,428
individuals (25,732 incident cases); red meat and ischemic heart disease: 1,219,288 individuals {33,490 outcomes); red meat and type 2
diabetes: 1,619,574 individuals (58,364 new cases and 3,717 deaths); red meat and ischemic stroke: 1,185,969 individuals (11,996 incident
cases, 504 deaths); and red meat and hemorrhagic stroke: 1,185,969 individuals (3,646 incident cases, 530 deaths).

Data exclusions  As described in Supplementary Information Section 5, reports were excluded based on the following exclusion criteria: were an aggregate
study: meta-analysis or pooled cohort; had the wrong study type: not a cohort study; were a duplicate study: cohort reported in paper was
also reported elsewhere; had unmeasurable exposure: reported red meat consumption without grams or servings equivalent; had no
measure of interest: reported RR for change in red meat consumption or doesn’t report RR; did not have exposure of interest: reported on
total meat or total red meat instead of unprocessed (fresh) red meat; did not have outcome of interest: reported on all-cause-mortality or an
outcome outside of the six studied in this paper. This includes outcomes lacking specificity such as total stroke or cardiovascular disease; were
not in English.

Replication This is a meta-analysis of existing studies with many years of cohort and other data. When re-applying the method to the same data, we get
the same results.

Randomization  This analysis is a meta-analysis of existing studies and thus, there were no experimental groups.

Blinding N/A. Blinding was not relevant to this study, as we did not collect primary data.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
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